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FOREWORD 


this report was prepered in the I:partuents of Chemical 
atd Mechanical Engineering of The Chio State University. The 
work was performed between December 1952 and January 195), as 
ons phase of the activities under Contract No. AF 33(616)=1h7 
with The Ohio State University Research Youndation. It was 
administered under the direction of the Mechanical Branch, 
Bquipsent Laboratory, Directorate of Inocritories, Wright Air 
Development Center, Wright-Patterson Atv Force Base, Ohio. 
Mr. F. Ro Boerabach was the Equipment Laboratory project en- 
gineer in charge of the work which was acccaplished under 
RDO Wo. 66)~803~3, "Centralised varswi individualised Cool- 
ing of Aircraft Equipsent’. 


Section ¥ of this report, dea)ing with the evaluation of 
the effects of physical properties of heat transfer fluids on 
cooling system penalty, is the only sectivon prepared in ite 
entirety in the Mechanical Engineering D:-artment. we E. 
Krauss and K. G. Hornung who performed the analyses and super- 
vised the calculations are identified as co-authars. 


This report is the first of two ta-bnical reports to be 
prepared under this stuly contract dealiss with the evaluation 
of aircraft equipment cooling systems in gsneral. The second 
report, WADC TR 54-359, Equipment Cooli:s Systems for Aircraft, 
will deal with the evaluation of varicue types of cooling 
systems applicable to aircraft equipment, either directly. or 
by moans of a distribution system utilizing « hest treanater 
fluid. 


ABSTRACT 


The objective of tiis study was to tabulate the important physical, cheni~ 
cal, and physiological properties of liquids available far use in aircraft equin- 
ment cooling aystems. These properties were used as a basis for qualitatively 
selecting fluide representative of various types and to evaluate their effects 
on the gross weight increase of aircraft, resulting from the installation of a 
centralized cooling system. Many physical property values were foumd to be 
unimown, This made nacessary the collection, development, organization, and vse 
of empirical methods to estimate the physical properties of liquids being stud- 
ied. These methods are presented herein. 


Physical, chemical, and physiological property data are tabulated for % 
fluids. The types of fluids represented are: aqueous solutions, hydrocarbon 
fuels, hydraulic fluids and lubricants, oxygenated hydrocarbons, flucro- ani 
chloro-hydrocarbons, organic-inorganic compounds and Silicones. Water is used 
as a reference fluid since it has the most desirable properties for use as a 
forced convection heat transfer mediun up to 600°. It is also desirable in 
terme of corrosiveness, canbustibility, toxicity, and stability, but is not suit- 
able because of its high freezing point of 22°F. Among fluids having a freezing 
point of ~65°F, or lower, aqueous solutions are the mcst desirable group. The 
methanol-water mixture has the best properties, except for relatively high vapor 
pressure and potential canbustibility of the initial vaporisation product. The 
ethylene glycol-water mixture does not have these drawbacks, but is slightly in- 
feriaor in other respects. 


‘ The gross weight increase of an aircraft, resulting fron the installation 
of a centralised cooling system, is affected ty the selection of the tne of heat 
transport fluid to a greater extant, the longer the distribution systen, the 
greater the required fluid circulation rate end the -maller ihe penalty iapcsed 
by the ultimate heat rejection syste. Aqueous solutions cause = gross weight 
increase only slightly greater than does pure water. Other applicable fluids 
may cause a gross weight increase up to three times thet of water. Particularly 
disadvantageous for large systems are 10—centistoks Silicone fluids because of 
high viscosity and low specific heat, fluaro~hydrocarbons becawe of low specific 
haat and low thermal conductivity and hydrocarbon hydraulic fluids because of 
high viscosity and relatively low thermal conductivity. 


PUBLICATION REVIEW 
The publication of this repart does not constitute approval by the Air 
Force of the findings or the conclusions conteined therein. It is published 
only for the exchange and stimulation of ideas. 
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aS XATRODUCT ION 


Equipment cooling imnosus performance penalties on alireraft which increase 
with flight apesd and with the complexity of the functions bsing performed by 
various types of equipment. With many types of sircraft, » reduction in psnalty 
os can te realized by centralization of the ecoling system, particularly Lf 4 
So coolant distribution system af svali sine, weight and pumping power can be de=- 
os signed. This can be accomplished best by use of liquid ccolants. 


The primary objective of the present study was to determine the signifi- 
gant properties of liquids which would be siitable for application as heat 
transport fluids in alreraft equipment cesling systems up to 600°F. Among 
then, liquids normally available on aircraft, such as fuels, lubricants, and 

: hydraulic fluids, were to be considered. The effects of heat transfer fluids 
a] on cooling system characteristics were to be svalusted. 


of The following physical, chemiezil and physiological properties were se- 
x lected aa being significant in the evaluation of heat transfer fluides 


4 get ¥ 
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ee 1. Chemica], composition 14. Coefficient of expansion 
rt 2. Molecular weight 15. Surface tension 
3. Belling point 16. Refractive index 
he Flash point 17. Dielectric constant 
5. Fire point 16. Color 
6. Freezing point 19. Gder 
Te Pow point 20. Caabustibility 
8. Vapor pressure 21. Toxicity 
. 9. Latent heat 22. Stability 
10. Density 23. Corrosiveness 
Li. Specific heat 2h. Acidity 
: 12. Viscosity 25. Solubility | 
13. Thermal conductivity 26. Effeet on elastomers 


Since it was known that experimentul data on all of these physical prop= 
3 erties would not be available for each fluid considered, it was felt that ways 
= and meana of estimating the properties should be found. These empirical ea- 
8 timation methoda should be helpful to cthers in adding new Pluids for consid= 
a eration to the list of those discussed in this report. 


ce The effects of the choice of a heat transport fluid on the overall aire 

: eraft penalty imposed by a cooling system may differ considerably, depending 
on the typo of the cooling aysten. It was not feasible to make the necessary 
calculaticns to evaluate all representative fluids as applied to all types of 
eooling systena and their probable configurationa. Therefore, comparative 7 
values were established for several fluide in expendable systems end for wie - 
Fluids in rem air syetens. Thase data were adequate to imilcate the relative 
importance of physical properties, and, therefore, the best fluids, from the 
syetens and aircraft standpoints. 
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Few fluids stelle up to 600°F were found and their properties wore de- 
termined. The properties of a much livger group of fiuide stable to 300°F 
wers studies. Woxerer, the data assenbled in this repert should be adequate 
fer the selection of anitable Cluiie fer opsratiug imfipedaturas ad Tigi 4s 
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SECTIC# I 
ESTIMATION G@ PHYSICAL PROPERTIES OF FLUIDS 


Before an evaluation oam te sade of the suitability of a flnid fee usa 
in aireraft cooling aysteus, the physical properties cf the fluid aust be 
known. Thive physical properties are hailing point, vapa pressure, flash 
point, heat ef vaperisation, density, apecifie heat, viesosity, end thernal, 


| 
7 


In wany sases these propertias have been deterz 
are available in the scientific literature, texts 
ture. In many other casa the dats are senclataly aiseing oP are ingesplete. 
To determine sxperiaanially ali of the Bisaing data woul require pray a 
effort, time amd expense. Therafere, methods te estizate ee ealsulate 
physical propertiss are believed te be inwmlusble aids. 


A detailed ct sare tare search has been purf 
estimation Bethe: Seze of thea vers Found 4s stamierd Rand 
beoke on heat tranafer, paysduel ehaniots 
bles such as the Internatiers) Critical tables, and in teskaieal 


These empirical ami theerotical actheds heave bean evaluated, madifiad 
and sometines extenied te make then mere useful. They avo ddvetoeéd 4n the 
following pages. Mention is made of all the applicable = but ealy 
those considered iaportant are disvussed in detail. Examples are alse give | 
{ 
| 


im many casen. 


im all eases the graphs and correlational vl beoprcghosrtonts a not, beaa 
repredneed sleng with the dessriptious ef tke estimaties mstheds prascute 


monber ef graphs necessary did ust seca to male 14 edvantageou: pred 
then here. Diffieultiay in reproducing cayeieinea a ma terial 465 alge evi 3 
Heesver, 1t is met anticipated that the user of this material wid sihctained ( 
teo much inconvenience imasmuch ag the majority of the grap! ang Ds 

viens referred to ate scomtaiaed in threa eaji@e referonens, 
(Ref. 10)» Masvell (Ref. 21), and Releen (Ref 12), wadak are 
able ia most libraries. 


In order to facilitate the transition, f@ theve using the motheds, 
from the meterial prescated in this report te the origins) sources, “ta 
eriginal nomexolaturs has been praserved. This deas im sens omer 
encies in symbole wut the inconvenience ef this has been ninini ses 

frequent dafinition ami redefinitien ef the terms used. 
it was not thought te be prefiteble to include a table ef general pn 
ture. 


It is intemied that thie asction shovld serve as a manmeal and guide fer 
eotimating physical properties ef Beat tramafer liquids. When mew fluids 
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cther than thous recerded in this rsport are to le evaluated, the mathods 
given here can be used te f11] in the missing datu. In most canes, tiene 
mothods are sufficiently eccurate for engineering purposes. Ags naz methods 
becows available in the literaturs, these inelvded hare can he madified, 
aided to, or extended. 


Nesm51, Bolling Point 


For any ligula, a certain fraction of ite molecules, depersing upon 
the texperature, attain ea sufficientiy high energy to eacape fram the lige 
vid phase. This phsvomenon is termed vaporigaticn. Until the tenperature 
is at a sufficiently high level, all waporisasion takes place at the surface 
of the liguid. Hewever, a% some point in the teaneratura ecale the asesping 
tendency of the molecules becanes so great that the ambient pressure ean be 
overcaoma. At this temserature. vapor bubbles fora within the Liquid, rise 
te the surface and are disalpated. This is termed boiling, When the ambi-~- 
ent pressure is that of standard growsk level conditions (760 mm. He), the 
temperature at which boiling ocaurs is termed the nomaal boiling point. 


Approximately carrect boiling points can be determinad experimentally 
by the silaple expedient of immersing a calihreted thermameter ox thermd= 
couple into the liquid and noting the tezperature at whieh bolling cesura 
as haat ig added to the liquid. Accurate determination of the boiling point 
af 2 gebstance is diffiault for many reasons. Some of the more iapertant 
difvfieulties are aus to, (1) impurities tn the liquid, (2) suparbeating, 
and (3) insufficient control of ambient. pressure. 


EBxporizentally detereined values of nesmal boiling points ave available 
frca a mumber of literature sources. The more Laportant scuress are Perry 
(Ref. 1), Lasdolt-Burnatein (Ref. 2), Langs (Ref. 3), Internaticnsl Critics) 
Fablee (Ref. 4h), and Handbook of Chemistry and Physica (Ref. 5). 


A great many liquide exist and are proposed for use, as heat transport 
fleids, hovewer, for which boiling point determinations havea not been of 
ean not be made. In those cases where ths boiling point should be knowa 
for proper evaluation of a possible use of a liquid, i+ sescones necassary 
to estimate the value of the boiling point. Many estimation methods are 
| avallable in the literature. Watsen and Nelson (Ref. 6 ani 7}, Kinaay (Ref. 
: 8, 9, and 3, pp. 1525-27), Hougen and Watson (Ref. 10), Maxvel} (Raf. li, 

peo i8), ewi many others have shown methods of estimating boiling points. 

The moro important of theee metheds are summarized in the following discus- 

sion. 


1. Kinney Method fa Netimating Bolling Points of Organic Compounds 


fhe boiling points at ateespberic prensvre of organic scmpounds 
ean be wotimated by a sat of empirical rules if tha atructrs of the sa 
pound ig known. Kinney (Ref. &) has developed thig mothed to a high demee 
af preciaion. The method in ensantinlly es follows: 
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a. Tha imiividusl hotling point mabera (bop.n.) of the varioua 
atess und Sernoyval groupings are added together to give thea 
molecular boiling point mizher (3.P-N.). 


». The belling point (8.P.) im °G is ealeulated frou tho BoP.N. 
by the relation, 


BoP. = 23002h EF. ~ 543 (1) 


Tho BOP.K. is jetermined by uging walues of 0.8 and 1.0 far the 
bepane'e fer each of the carbon and hydrogen atoms, respestively, of tha 
lengest aliphatic ehain in the molecule. To this eum are added tha com 
triutiang af eaesh of the other eros of atons attached to the Longest 
ebain, 1% ie esscatial that the “longest aliphatic chadm be used as tho 
bass beeause ths belling point is dependent, in part, upon this faster. A 
peetios of tha asaiged bop.n.'s are stimm inTable 1. A ceaplate table ds 
given by Lenge (Ref. 3, pp. 1525-27). 


An exmmple of the estimation of the boiling poimt of lemetiqricde(le 
nethylethgl-l)-l=syelepantans, (CH3)esCR° GR Cig “Cl its) CHC, ds as fellowes 


14 

oO 

ie 

of 

6.0 

ring 2.5 

Canter Ueution fer the ethylonis lining, type Rel: CHR 203 
Metigl attached to the eveiupentens wing 3.05 
Caleulated B.P.H. 26.50 
Galewlated BoP. (equation 1) 1b? 05°C 
Coearved BoPe (for eomparisen) 14 301°C 
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RCH2CH 


RONG 


| 
| 
Tavle 1, ccatinust 
Type of oefinis linkas 
: ; 

1.9 

RCs CBR a.3 

Zo 


CE» aGHls 1 wt 
4 
m 
RoGiCRy 


Radicela, utsaturated, attached t> tks main chain 
Wothylens Leb 


type of acetylenic linkage 
BOSCH Ny 
RCH L, 
RCECCH 4 e 
ROSCR 
Cyclia vadiaala; Add 0.8 for each varbon, 1.0 fee exsh 
hydregen, the normal values of anp unsaturated linkages, 
and the following values for the rings 
ghee ll aa ~pentyl, -hayi, 


regpsotdve Qolj2 0392 <5 27 | 
Gyelo=beptyl, =ostyl Oe, (add 0.5 Loe “ 
each edditional Cie in tha ring) Babb g 309 yates 
Alochel 0H 
ROH, CH 10.8 
Ether == 
RCH? OCH 3 sRoCHOSH 3 oR gC OCH Paroy 
: Aldetyds «0 
i : RCHgCHO Od 
Ketens =0 
RUB COGH 8.8) 
Eater ~QO= 
RCHaCCOCH 3,CH COOCHAR 8.5 
Acid =—(00H 
RCHyCO0H 19.3 
amine 5 prinery Ho 
RCHo MB» 723 
Want TR ShaAG h 


= | 


~ 
o Shia ditees FEDS RRB OERES PEERS MY FES Be taser at RET TOE SIL DST PII bi be 
Sarena eat nk eee EES AE PES REC RE GN TE NUIT tr - SEER EE Ee Ee TY TO EN BS ETA lA 
me mens date tS oR Ah 


ee MeL ES See 


2. Bedling Peint of Rrdreca~bus Mixtares (Potreleus Fractions) 


Esceues ef the fact thet petrelem frastions sre mada up of san 
compourdia with different beiling pointe, 4¢ is necessary te define wiat is 
meant by the average belling point of auch a fraction. There are faw vaye 
dm semmon uso in the petrelews indusiey ef expreasing the average boiling 
point: voluzetris, nolgl, mean, ami weight. 


a. Valumetric Averages Boiling Point 


the resulta of an ASTM distillation” sre expressed in °F va. 
ee of Liquid distilled. Sinse 100 ce of liguid are charged, the volume of 
Liquid in the receiver plus ths less by evaporation at any tine represents 
the pareent af liquid distilled. The velimetris average belling point is 
ohtained by averaging the temperatures corresponding to 10, 20, 50, 70, and 
90 pevoant distilled 


| 


In working with bige-beiling steske where the vapor temmer= 
‘ares in the ASTH distillation ezseed 700°F, it is preferable to we ths 
data fren a distilisties wiier reduced peosure in arder that the liquid 
waporature dees not enter the range of rapid cracking. Ordinarily a dise 
tiation under 10 ea of mercury is satisfactory. Suah data are conver ted 
© atmospheric proasure by means of & vapor pressure chart. If lowepras | 
distillation deta are not available on high-beiling stesks, the Socperoent= 
point teaperature is taken as the approvimate voluictric average boiling 


° 


b. Molal Average Belling Point 


The molal average belling peint is less than the volumetric 
average besaugze ef tbe fact that the ratio of specifics gravity to molecular 
weight ig higher for the lew beiling members ef a hydreearbon series. Pima, 
in determining the average beiling point fres a volmetris diatiliation 
curve, the lever belling fraotions sheuld be given increased weightins, in - 
propertien to the variation with boiling point of this ratio of spacifle 
gravity to molesuler weight. 


Tha wolal averege bedling point is derived froa ths volumetric 
average belling point by the use of a correction curve, aapiricaliy deter=- 
mired, aml given by Mamvell (Ref. 11). 


6. Mees Averags Boiling Peint - 


The wean average boiling point is defined ag the boiling point 
which best coxxess? the nelecular weight of petrclew freetions. Ite reo 
lation to the volumetric average boiling point is given by the aapirisally 
decived curves given by Maxwell (Ref, 12). 


"Zee the ASTM presadure as deacribad wy Nelson (Ref. 12, po 26). 
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4, Weight Average Boiling Point 


fhe weight average beiling poist may be calsilatsc dirsstly 
frem the helling polite of tie sempenents and their weight freotlona a ch 
Wived hy sarresting the volumetric average boiling noint usimz the espiri- 
cally deteraized cumves given br Memwell (RQ0f. 11). 


In the eptimetion of the physical sroparties of petralem frac- 
tiers involving boiling points, the prea everage should be used. Fer verde 
@ag plyaleal properties, these are a2 follewss 

fisreical Property Average Boiling Petat 

Vigseaity aml Ligeia epecifig beat Velusetris averags 
[ee eitieal waparatas Weight average 
Molal average 


Neen average 


3. Betimation ef Belling Polnt Using Characterisation Paoter 


for general ecrralation of the average physical propertios of pe- 
twelwan stools of different wpes, paraffin lgdrosarbons of narisus iévesen 
eeatent may be cenaidered as ens extrem and arusiic materials <f niniam 
lgdroges comtent as the other. fo serve ag ao quantitative index to this 
property, which say be tarmed 3 ity, the U.0.Fr. (Universal O11) Frad- 
Weta) elpracterisation facter (Ref. 7) hag been developed. Although this 
Zacter is mot am quet measure af chemical typs and dees m% sbi perfect 
oegtungy im a benelogens series, these disadvantages are, to a considerable 
exter, effend ty ite simplisity and comvenienes of definition ant usa. 


S&. Detinities ana Bulnation of Characweisation Paster fres 
Meen Average Belling Point and Aresifie Gravity 


The definition ef the cherecteriustion facter svose from the 
aticn that, whem a erude oj). ef sappesedly unifer= natura ia frace 
tiemated inte rarraw oute, the spredfis gravity af these cute is appraci- 
mately weapertiewal to the eubo rects of thelr abgolute boiling points. 
we lity factar is a measure of the paraffinisity of the ateoak. 


co (2,)43/ (2) 


veheap 
@ « emrasterisation factcr. 
3° mean average beiling poiat, BR. 
» gpsoifie gevig at OF. 
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For the calewlation of the mean average tolling point ef a petrolews dilg= 
tillete avo (20) abcve. 


bh. Range of Yalues f= Oharacterisation Faeter 
Fhe churasterisatien facts: shova fair constancy 


the pedling range of a number of aerude elle and, for o othere, ney atthe ine 
crense of decrease in tha higher borer rangs. In the tara etitee fais 


Paraffin hyrdresarbens 4207 
Pennsylvania steshs 12.2 ~ 12.5 
i Mid-sentinent steske 211.8 = 12.0 
Male Ceast stocks 11.6 = 1109 
Crasked gaselines 13.5 = 11.8 
Crasking plast fesds (aasbined) 10.5 = 11.5 
Ragyele etecks 16.6 = 11.0 
4 residues 9.8 = 13.0 
9 8 
Although nat AaLeciariacgeed iridented, application ef this skap- 
bebe es ak ether than these ob ao direetiy fre - 


crude ofl, folllem auteatieslly 


e. Other Metheds ef Evaluation ef Cherecterisation Peoter 


Ts addition te the evaluation ef the sheracteriaation facta 
ef s bydresarben fron the definitiew, 1.¢., fran averages tolling Rese and 
specifie gravity, other peive ef properties can be wiilisad. Wateer, Sipfle 
(Ref. 6 and 7) have derived upirisallly ard shes a series ef grogho wkioh 
pormit this. The mest ecarenien 9 of propertics, in addition te ths 
auevee ares (1) viseesity aad speeitia gravity, (2). Tinenssty szd auerags 
beiling peint, and (3) spesifie gravity ead welesular u 


é Boiling Peiat 


Ouse the cheracterization faster haa been dovrmiand ty aay ef 

the above deseribed motheda net deponding en the pesca pets, ag — 
ately becenes pegsible to find the boiling poimt te me ef ¢ 
available eq@rolations (Ref. & end 7). 


h. Gemery and Reacumented Methuds 


fhe Rang mathea fe estinating pio pm Ade points 
te pore organise compounds wile ths Characterizs 

able for use with potraolema fractions on sete i1l-def 
He geteral methed fer predistiag the belling point ef 
found, partieulariy far mixtures camtsining inerganis 
eases, with the above wreeptiem, the valus ef tka ball 
must be based upen experizemtal informatien, This e 


emt}. ‘epasuatian 
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nest, not be the value of the nargal boiling poim but could be the vapor 
Pressure at acme imoyn temperature, Methods deeceibed in the next sscidon 
on Vapor Frassure could shen be used to estimate the teaperatina whan i289 
vapor preagure was 760 sm Hy, deee, the normal bolliig police 


Veper Fresaur 


{Tha vaper pressure of o liqnid is the pressure exerted on the surrdiiiie 
ings te the vapor which rusulte fron an evaporation of the liquid. If tie 
liquid is pare (eaapoved of a singls conpound) it is dependant only on the 
temperature. If the liquid is eauposed of mere than a alugis componsnt, it 
is dependent on both the temperature and the compocition of the aixture. 
When referring to the vapor pressure af - pores uixture, the initial vapor 
pressure is meant unless otherwise stated 


Vapor pressure is a property woivh must be determined experimentally. 
Ite meagurerent is not difficult at temperatures near the atmospherics bolle 
ing point. However, at higher teaperatures apecial motheds are empleyed 
which require a high degree of skill on the part of tha experimentalist in 
cv@der te get resulta of the desired accuracy. Fortunately, the general ree 
lation between vapor proseure and temperature 1s well known so that with a 
miniews of experinental data tha vancr oregeure of a Liquid may be estieated 
ever a range of texperature with an accuracy abent equal to the aceuracy of 
the experimental data emplayed. This is of great practical importance sime 
in many cages the vapor pressure st the desired temperature 1s not given. 


The most practical methods of ostimating the vapor pressure of a liquid 
(either a pure liquid or a mixture) are as follows: 


Empirical Bquaticns 
& Standard Vapor Pressme Equation 
leg P «= (Aff) +B (3) 


where 
P eo vapor pressure in abeolute units, @.go, atm. 
% e@ tenpuratare in absoluts degrens, 2:2: > 
AB end B » eemptanta for sach compound. 


The starting point for the equation ia the Claasius-Clapayron 
equation. In differential form the Clausius-Clapeyron equation is rigorous, 
but various asmmpticre are introduced to integrate it, namely: that tho 
volume of the liquid is insiguificant in couperiszon with that of the wapar; 
that the vapar 4s an ideal gass and that the latent heat le Indepandent of 
temperaturs. In aplie of the fact that thease asstapticns held only at lew 
canter stares tna equation fite the vapa pressure data for practically all 
substances ever wide ranges. Only tvo axperizantal valuea are nesded {10 ds~ 
tereime the oengtants. If the equation 1a to be uzed te enloulate thy prog 
gure over a wide range of texperature, the experiments] values used to 
ovalaate the constants should be chosen with as large a temperature diffure 


ce 
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exes as possible. fhe greatest accuracy is obtained when the gararrta bolle 
ing polet aud eritical, point are used fer the evaluation and is of the order 
ef 2 pa asnt. 


Beaphe: The standard betting pe point of wethyloyelohuxane 1s 100.9h°C, Its 
eritical neint is 9.13 3.2 ates. ae the valtiss of the com 
stents A end B in Sherrie (3). 


A & 
Log 1.000 = 100.98 ¢ 2) Soke 4h a Kj eerd +8 


og 352 = yyy Sarsas *? 
Selying for A and B, 

b= ~ 1660 

Boo hobs 

log P (ata) « “MEO « yas 


B Antetes Byuation 


leg P = Ao H(t oC) (4) 


absolute A shoertak: in the unite desired. 
Sp (@ °C as desired). 
and ¢ aro hacestatacls aperighoncdadh wines unite = valwvaa 
will depend on the waits of pressure and teapora 


fhig equation (Ref. 13) is a medification ef the standard vaper 
Fecosure equatien desaribed avers. Three values of ths vapor pressure are 
needed fer the calevuiatien ef ths sematants. Tte use is resemmondad whoa 
ta erities) point ef the liquid 1s net Imam. Ths assuvegy is of tho alder 
ef 0.5 percent at tcempsrateres in the wisinitgy of the pra bolling 
peist. If an over-all vales of 6 = 230 (whom P © am and t » %) de wad 
fer all sebstemses the equation can be used to estimate pressures at tam~ 
@ ug tho eritiea] with e mxioum eres ef the ordee ef 5 


Go Leg Pe/P © alTg/f = 2) (5) 


Z_ = epitical teaparatere ef compound in avcoiute dagresa- 
B, © eritieal presome im abselute preapure amity. 
& « @bractericilic senstant. 


fais equation given very ool agroesant wlth exveriman 
values but da of Limited wie beccuss Ty ais’ Fe data arg nemesliy net svali- 


able. This equation ip ust applicable te siztres, 
a, Log P o@ (A/T) + BlogT¢C (ai 


where P and f have the samo meaning as in sauation (4) ami A, B, amd C are 
senatants charactarietis of thé cGapouimi. 


Tho sesurany of this equation for interpolation and extrapola~ 
aon of data ig of the sams order as that of the Antoine equation. The 
equaticn, however, ig not as convenient to use. 
| 2. Graphical Methads | 
| 
| &. Dubrine’s Rule | 


This rule furnishes a elaple and reasonably aesurate methed of 
interpolating and extrapolating vaper presumes. The ruis is expressed ey 
the equation, 


(ty > typ W/(tg, = te) & ¢ (7) 
| iia ta. and boetling points ef sbstaases A aad B at the 

* are po a Ba 
| As h 


tana Pie 
and tp, are balling points at some othes pressure pp. 
| c & constext. 


Substances A is that of which the vapor prevawe is te be da 

terained, and Bis a reference substance ef which the vaper pressure is 
knawm ever the desired range. Substance B showld, if ponsible, ba shaniq 

| cally similar te A. Two vapor presaures ef the substana: A are necdad to 


evalusto CO. 
the abore equation can also be put in tke fore 
tm 2 ky tg + ke (8) 
wheo 
ky a are constants. 


Fran this form of the equation it can bs ecear that iy pletiad 
against ty yields a wtzeight line, and the rule is penaraliy uped in this 
graphical vcr. For most soempounde water may be used as the reference gub- 
iy stance, so that with the aid ef Steep Tables, tha vapor pressure of the cem- 
pound ig quinkly and eesily caleulated. 
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Seapine The vapor presmuras of methyleyelebexans are as fellevs: 


100.9h °C 1.000 ata. 
a 3.566 ata. 
& 9,89 ate. 


Solutions Draw the Dukeine lies using water aa the reference liquid. 
Foret, find the wemperatere at which water has tha sama vapor praseure 
as the wethylayelohbazane. 


YoP. water 
ata 

a. 160.0 
3e £& 346.6 
9 89); 160.0 


Secend, plet the texperateure ef nethyleyclohexane ve. the tenporatare 
ef water and dray a aivaight iiss through the pointe. 


fo use the chart to got the vapor pressure of astkyleyeloha 
ae follere: Select a tanpernture on the endinate and road a enpend= 
ing temperature on the abseiess far water. Leck up the bison pressure 
of water at this temperature. This will be ths vapor pressure of the 
methylayelohaxans at the firut teaparatere. 


b. Coz Methed 


Cex (Ref. 14) intredused ¢ method of plotting vapur prosaure 
data that gives straight lisas end alse persits, in seae instances, the de> 


termination of the entire vaper pressure curve fran a single sxperimental 
point. 


The methed congista in laying off en tho ordinate of a pair af 
ordinsry covrdinate axea a soale ef logarithas of esmee and then drawing 
the herizental coordinate lines. A&A swalght line is then dram near ths 
center ef the sheet sleping upward to the right at ab angle ef aboxt 5 de- 
grees with the herlsestal. This lime is cheses te be the vapor pressure 
curve of a reference subsataned, generally water. With the aid of the vaper 
preommre data on water, @ seale of tenperaturss is then plotted along the 


abacless to conform to the arbitrarily chesen wapor pressure line, and the 
veptieal eeurdizate lines are dram. 


When the vapor preavere of any mibatance is plotted om thie 
syates of coordinates, it is found te yield approximately a straight line. 
Furthermore, groups ef related quanounds such as paveffin bydrecarbens, ale 
oehols and matals give lines that converge te @ common point. Thig means 
that the emiire vapor preasure ling of a asaber of such a grow) for which 
thea paint ef eenvergence is know could be dsterained from a gingls vales 
of the vaper procaure, eush as, for example, the neraal belling polat. 


Exasplog of thie type ef chart ere sham by Cex (Bef. 1;) and 
by Parry (Ref. 1, pe %6ls). 
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eo. Othecr Bethel. 


This mathod (Ref. 15) is somewhat similar to the Pubring method, 
@iept that the logeritt:s of the vapor pressure of ihe cemnonrd da plotted 
agsinat the logeritie of the vapor pressure of ¢ reference tama, for ete 
gaple water, at the sano tenperaturo. Along the ari? of the capor messure 
ef ¢hs references Liaqnid « tamrareters scols can be aarked off ani teuperature 
coerdinatas superin | ea the pressure coordinates. Vapor prevsure date 
plotted cn guoh a plet ave atrateht lires, go that if wo experimental points 
are known, the ling ia established. 


For the most asourate results, the reference Liquid should be 
as similar as possible to the uaterials plotted. Por sxanple, if ths vaper 
pressures of a series of eiuilar hydroearboas are to be plotted, then ons 
ef the kydresarbens would males a desirable reference Linuid. 


meuaple sorked out for the latent heat of vaporization by the 


y method on page 16, 


30 Special Methods 


@ Cnlovlation ef the Initial Vapor Pressure of Patroller 
Maphthas and Caselinss 


The initial vapar pressure of gasoline and petrolew naphthas 
way be cileulated fires the ASTM distillation ourve using an eapivical equam 
tion derived ty Bridgusan aint cowarkers (Ref, 16). 


Leg (w/h.7) = & [1 = (®9/8)] (9) 


whera . 
A » 3h e202 10 19-0085 (Br 
8 es Paper prossars in lee / int aks. 
Gp = taapsrature of 10 psrocmt off on ASTM distillation, "BR. 
@ = tensperataxre, R. 
Ge = «aleps ef ASTM curve at 10 percent off, °F per unit 
percent. evapcrated. 


then pressurs de expronsed in wm mercivy and teaperature in °C, 
log (7/760) © a[1 - (Ty9/?)] (10) 


A» 3chh 308 £1079 Try, = 0.6 1/8. 
@ o taperatere, °K. _ G 


fap = °K for 10 pereont aff on AST distillation curve. 
a alepe «< ARTY curve at 10 parsant off, °C per unit 
Tame em th._44 Ww 
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Pho accuracy claimed by ths authors is 0.2 ba/ta (20 ae mame 
omy). ‘The equetios is seenmats within thls Malt for distillates cqitain- 
ing propane and lighter constituents. 


While the equation is intesdad only for vapar pressures Belew 


atnospheric it can ba used te estiuste vapor erence very neariy te the 
oritisal regien. In such cases the aceurasy is prebably within 10 poreont 


Calaviete the initial we pressure sf keresens over 
tare range ef 50° to 150 


Povnont nee In 19 20 © bo So & 78 &% FS Bax. 


% 30 38 boo Wi0 LB L27 k3y Uke AS 7D SoD 
Sip © 3B hbo » aheen, 
Se « 1.753°/mit perecnt 
& © 3chl @ 2:21 = 1079 x Bb8 = O48 1.793 © b6O7? 


Le’ z e 5 oT Tas ad 07/8. 
Fram this oquatien ths 2ellewing vaper prasoures ae esledlateds 


& a oo : ge Be 
5 O.GR2 0.7 
75 0.030 15 
100 6.053 302 
125 6.125 6h 
150 0.235 32 2 


lk. Stamary end Resamonind Methods 


Of the expirieal equations presemted the stan! 
equation, equation (3) , 18 the mest seared and “te waft 
fer mest purposes. Tha Antedna equation, equation (kj, ie mare 
particularly when the erltieal paint 49 not boom, bat regi 3 
porizental detexninations te evalmate the teen esantents. . y ef 
equations (5) and (6) te aisdler te that & io Amtedm equatien ‘est 
are not aa comvenlent te use. Bavatien (5) requires eritieal 
net aprlisable to mixtures. 
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| 
Dubring's Rule and the Othwar methed nave ahout the sens s2curacy 
sin each requires tyo experiments points. The Cu method, vhich requires 
only ome exporimente] value for a aember of & heeoioenng aering, 1a usable 
as an interpolation and extrapolation zethod for general purposes when tuo 
data voimts sre known. In the latter cnse it hag no aignificant advantage . 
Gver ths previous graphical matheds. Ths application of the spscial Bridge- 
tan method fer naphthan and ganolines ja sbvinus. 
| 
| 


Flash Foint 


The flask point of a liquid is the temperature at which the vapor abore 
the liquid will ignite. Osnerally, the flash is ahertelived and the Bomen- 
. tary burning is extinguished immediately. The observed value of the flash 
a polat is materially dependent upon the type of apparatus and experimental 
a procedure employed (Ref. 15). 


fypes of apveratus used are the Pansky-dlartens, Tagliabue Closed Cup, . 

and the Cleveland Open Cup. The differont methods yield different ansuers oe 

Loy the SEG materials. The higher tha flash point (Ref. k, You. II, Do | oe 
0), the greater the differenses, Tha flesh points difier by an auch ag 

7° for flash pollute under 50° ani by as mach aa 20° for flash points 


near 200%, 


1. available Experinental Data e 


Actual experimental data are available in tho literature on fiash 
pointes ef all types ef arganis eeapounds incinding potrclem oils, acide, 
esters, ethers, aldehydes, halides, Ketones, axi altrogen compounds. The 
Internation Gritieal tables (Ref. h, Vol. IZ, pp. ldi-2) present data ac~- 
cording te the class ef compounds. Lange (Ref. 3, pp. 33°49), Hedgnan 
(Ref. 5, po 1250) and Parry (Raf. 1, p. 1584) tabulate data eccarding to 
the namo of tha esapound. 


2. Grasndy and Cravens Methad 7 


Tks flash point of an organic liquid er compound has been found by 
Oraandy and Cravens (Ref. kh, Yol. IZ, pp. W61-2) te be related to the tem 
perature at which tho cespound exerte a certais vapor pressures. The abso= 
lute value ef the vapor presame at the flach point varies with the eheaiecal 
mature and structure ef the compound but will be appraximatsly the seme for 
ecapounds in the same homolegous serisa. They found the following relation: 


Vapor pressure at flash-poim (ma Be) = B/td (24) 
where 

Bo » bexvometric prensure, mn Hg 

k » ceantent (pansrally about 8 put varies with sless of ecapaund) 

BH = wsueber ef moles ef aonrgen required for complete combustion 

ef ceupound. 
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The flash peint ig ihn temperature at whish the vapor pressure of 
the cempound equals the value caloulated fram equation (11). Por many po 
teglowa fractions this flash poimt generally eccure at the teaporaturs at 
whieh the initial vapor pressure ia 10 to 15 wm Hg. 


3. Trelebach Methed 


Grsisbach (Ref. 17, spo Lb, 292} tabulates a characteristic vapor 
Freeauare at ths flesh point for a series of henolegous organic compoumde. 
fhose vapor pregoures are 6 te 10 am Hg for aliphatis kydrecarbens, 2 ho mp Hg 
ler aliphatie algobsls, up te amyl, and 10 em Hg for aliphatie ketene 
Values fee other series are sleo given. With a movledge of the charac ter= 
ists vape? presaure at the flash point and the vaper pressure-temparature 
relationship af the equpound, tha Cleveland Open Cap flash pats may be og@ 
timated te within 3° to 7°C of the experiesntal valua. | 


kh. Langs Methed for Petrelem Fractions 


eporoximats clescd-aup flash points of organie emapounds com- 
posed ef only carbon and lydregen Rel. 35 Bpo 33-49) may be estizeted 


Flash Point (%) 0.73 (IeBoP.) = 122 (32) ; 
where 
ioBeP, @ initial boiling point in °F, 
fereule is applicable betreen initial boiling points of 
150° and nsoeY, 


§. Helecn Mathel for Petrelews Fractions 


Ie the method ef Welsem (Ref. 2, pe 125) the flash point is re= 


lated te bird sf - 10 pereent beiling range of the material as follow fer 


Plash Peizt (°F) 0.64 f = 100 (23) 


ago ef the 0 ta 10 percent distiliation range in Y. 


6. Bffect ef Pregswre on Flash Pelnt 


fke flash poimt (Ref. k, Yol. IZ, p. 150) varies with the haranst= 
Liha at the game rate ag the boiling point. If the logeritim of 
ang pressure ie pletted agnizet ths realpressa of the flagh point 
a berg lize ig ebteimed which should bu appreximately 
aPalig e EE bedling point limo fer the Lene oes F808 p 
an : peer pressace sspeeses, the flnah point imer 
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7. Swamery and Resomonded Retard 


The Grmaniy and Craveng method ja the ecst gomeral methed available 
few eatimatine flash pointe wat for resscag of guouracy aheul4é act bo ured 
4f guffinient information is availabla permit the use of ary of the other 
methods presented. The Drelghmnah aethed bs the best ascuragr fer erganic 
ceapounds. For petrolews frasticus cho Nelsen seihod is praferable te tha 
lange method but the selection of the heat equation will depen in most 
cages upon the apecifie experimental information available. 


Heat ef Vaporissiion 

fhe maount of heat required te aonvert 1 gran @ 1 pound of a pere lige 
aid (qr narrow boiling liquid) into saturated vapor at aig given touperatere 
(a preseure, since the pressure ef saturaved vapor is a function enly of 
teaperature) is ewlled the latent heat of vaporization. 1% 4s usually under 
stood to apply t© waporisatier at the neraal boiling poimt (1 atz prensare) 
and it varies considerably with temperate. 


The experimental determination of the latent heat of wnperdsation is 
divfianlt and time-cenmming if accurate data ure ta ba ebtaieed, Qn ths 
other hand, values may be calculated which are more ascurate than world norm 
mae obteined experimentally. The mcat impertant ef these methods ere 
as IB § 


1. Clapsyren Equation 
aP/dt » | tv, = ¥4)| (14) 
where ; 
abas = the slope of vapor pressure surve at 4 giver waprratare 
¥q amd Vy «© tha specific voles ef the liquid and vapor, respectively 
L » latent heat of waperisation per walt mass. 


y of tks 


The athed ie rigereas and the accuracy will depend on the assures 
properties appearing im the equation. 


Tf the pressure is ics, 1t may be aggumed tut the vaper is as 
ideal gas and that the liquid volume is nagligibie, Byuatios (14), then, 


ap/ae = MLP/RT® (15) 


B= Bolemiler waick?. 
PF @ waper pressure at teapsrature T 
Roe gay constant. 


the equation gives ragulte ef nigh accuracy if the aleps ef the 
vapor preaeure curve is determimed earefully by graphical metheds. If the 
sleps in obtained by differentiation of a vaper prosaure ayuetion, auch as 
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log P = (aft) +B . {3) 


where A and B are conatants, the ascurasy 1s decreaged end is of ths erdor 
of 5 to 6 percent. 


2. Other Mothed 


Other's methed ef extrapolating vaper presmiro data (Ref. 15) may 
also be used te extimate thy latent heat of vaporization. Frea the Clapay= 
ren equation, assuming that the volmae of the Liquid is negligible amd that 
ths vaper appreashes a porfest gis, 


ab/ef = Plant? (26) 
whieh may be wittes 
aP/PL,; = defer? (27) 
whare 
Poa bpecaael preseare 
B= go ccastant 
ly © molal latent heat. 
Thon, for any other mubatazcs at the seme temperature . 
aP'/igP' o G/RE oo» dBfled (18) 
apie! oa /lg? | (19) 


(a deg P)/(4 leg P') 


(20) 
L/L! may be regarded as a censtant over a wide temperature range wah 
sually met at temporaturons mar the critical point of either matacinl: 
the above equation waen integrated givpo 
leg P o (ng/g) log Ph ec (21) 


where € = integration constant. 


Ascerding to this equation, if leg P of any substanee is pletted 
against leg P of any ether substames ut the same primate & straight 
line results whese mleps is equal to the ratie ef the polal latent heatea. 


Beamples The fellering dzta aro available fo the vapor pressure of 
wothyleyelehezans 
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be ate 
220 arr 
as 6.01 


Bxteapelate the vapor presetre +o 270°C anc caleniste tha intent heat of 
waperisaation at 220 


Belubiong 


dynamie properties ef water cbtain the fale 


i 
f =. ates. 
120 1.558 
" 3.560 
9 900 
Latent heat af vaperination at 220% 862.9 Bex/lb 


: ding agth (lined on pags 2 leg of vapor presaura of 

; asthylaveleherana a as = andinnte wa. leg of Sot Set Dh of water an abrqinaa 

| gl Greer a, atrad ght lize throagh pointe. If the vapor pressure of 

; ma thy shamame ig desired at 220°C, lock up ths vapor prossure of water 
at 220 (22.90 vt Je Flothing this! pressure for water on the curve, tho 


b 
The alope ef tho straigat Mav 1s found te be C.799. Then, 


iay/Leg, 0 8 0.795 


: ed ao tet 


t 

lezemnns, 98; for water, 18, Then 
98 11/(18)(802.9) = 0.795 

é 

; homaas, L! oo 147 5 Btu/lb 


wewaty (Rok. 16) hes propowed the following empirical equation 
Ser the isaac ef ths latent bent st, the mermai hodiing point: 


L/P « 8.75 ¢ \.571] log t {22) 


L = Jatent heat, gremcalerios per grem-aale. 
+ naval bedline pol, 
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fhe ascuresy of thie equation fe non-polar wiatandes is witain 3 persant. 


ks Watgen, Hetked 


Watson (Ref. 10, pe 233) plotted (L/T)E varms Ty 
eiese 
Te «= the redwed teararatere (ratie of the actual ¢ 


to the eritical, tenper ature en the absolate 
£ 8 a somstant characteristics of each mubstanse 


He fewed the data for al] liquids, beth pelar ad mem~pols 
-foll ea ome curve. These relatiens can be amprassed ty the Polleving Giles 
pirical equations 


Wi, «© [(i8)/(t,)| = (23) 
ubere 


In = the latent beat at tho mammal bailing point gr baler Bye 
whisk may be tained by e ene ef the matheds de 


. * 


fo welve the equation fer L requires enly a imevledge ef thy eritical tam 
perature to give the cemplete range ef latcet heate. 


5. Methed fer liquid Mixtures 


When cenplste vaperisation taka pleco is a nizture 
lates’ heate ef vaporiaation, eua fer a comstant preeaere 
gad the ether for seestant oepereress Ie .ge Ths tener 


Tt ess be ghown (Ref. 19) that by of a solution ig approximately 
equal +o the Sea ag ths Reate ef % Gale See tke ) Syee Coa ples eka 
integral heat ef solution en mining. 


o g(x) ¢ ete 45 (2k) 
where 


In and Ig, © the latent beats af v 
Zs sele frastien of eespement 


fhe value ef q. is selées available wat ta weedy mal) 


26 thet ite affent 
am the latent at is relatively mall. 


dure is te calewists the enthalpy ef tac MeniA fren 
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seae comvenlent reference state to the bubble-noint tampsreture at the given 
pressure, and the total enthalpy of tho seturated vapar at the dsw-polm ten 
paratars. The digferenss in the enthalpiss, then, te the heat cf vaparise= 
‘hon at constant pressure of the mixture. To do this, the conposition of the 

‘ture Bust te known ag well as the specifia heats at conatent rmrasanre and 
latent mats ef vaporization of tha pure componants. If there ig a heat of 
wiving of the liquid coaponents this must be talea into account in calevla- 
ting the enthalpy of the liquid. The heat of mixing of the vapors usy bs 
agsumed to be nagligible. 


ry 


bd 


ne 


mary and Recommended Methods {i 


2 The Tistyakewaky methed ia recomeanded far use in predicting tho 
| Antemt haat of waparinatien whan exoerimental vapor pressure data are not 
available. Actually, ths vapor pressure at one tenperature, 1.¢., tha nar 
mal boiling point, is nesded even with this method and sometimes this is 
sufficient, along with recomended vapor pressure prediction usthods such 
&3 the Cox chart, te permit the use of the Otheer msthed. These are shout 
ef equivalest accuracy and convenience usually dictates the chelse. Tha 
| Glapsyron equation 1a recomended above all other methods if sufficient in= 
formation ie available to permit itu ues. 


The density of a liquid can be determined easily by weighing the amount 
of that material which escuples a Imam volume at a specified tezmrature, ; - 
for these cubstanees which are liquid at normal temperatures. The axperl= . 
menbal techuiquas are mere difficult for substances which are liquid only at 
very low or very high tempsratures. 


Experimeatal results en liquid donaities over a teuperature ranges sre 
ugually exprwened im the form of a taree-conatant equation such as 


Ye = Vo (1+ at+ be* «+ ct?) (25) 


.| where 

i Vy = volume of Jiguid at t a 

: Yo © volume of Liguid at 4 = 0 4 
% «= temperature, %. 4 


Reliable ami checked vaiues of the constants a, b, and ¢ are listed by Langs 
(Ref. 3, ppo 1715-7, 1405-98) and in the International critical tables (Ref. 
bh, Vole IX, pp. 22-199) fer ahout 150 organic eaapounds, Walues for about 
200 other organic liquids are available in Mitsrature and an index appesrs 
in tho Intervational Critieal Tables (Ref. 4, Yol. Il, mp. 22-199). Thass 
walues are scaly given for temporaturas balew ths noraal bodldns noint. 


Values of co thebaric density ara liated by Lange (Ref. 3, ppo 17ad=7y iM 


{| Byb5=98) for a seallar mater of compounds and also in Landolt-Bornatein - 
i 
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fables (Ref. 25 Yel. I a 25k, 263, 283¢ Firat Suppl., Be hs Third 
Supple, pp. 2hS, 278, 279, 281, 283). 


When exparimantally determined values fer tha lignid deasity are aot 


avallable, recourse tc aaparical methods is the only solution. Seae of the 
wera fapertant estimation metheda sre swmerized in the following dissussies. 


1. 


asralised Lar of Corresponding States 
& Hathe’ of Yateon 


Watsen (Ref. 20) found that compressibility and 
eien date fer Liquids could be correlated by tha equatics 


p = (94/95) @ (26) 


| 


density ef liquid at p, emi T.. 
density ef liquid at poy and rhe 
expansien factor of 1iedsa At Pe 

axpanaisn factor of Viqd nt yy “ai i. 
reduced pregauite. 

redused tenperatiure. 


8 8 @ @ @ 


PP 8,2 ~— 


The faeter o is a dinonslenless quanti tamed the expansion 
faster and uber oxprossed as a function of reduced temperature and presaro 
is aporaxizately the seme for all liquids. Values of # are listed in Tao 
ble 2. Wateem (Ref. 20) aleo skews a graphieal representation. Thus, fren 
ens imown value ef denalyy, togotker with the aw-shart o@ table, the dewslty 
ef that liquid ean bs estimated at any other teaperature and presawe by 
means ef equation (26). 


The oritiesl density can senetines be evaluated fren the kneu= 
ledge ef the structural feraula alone ty the method of Hougea and Watecs 
{BeZo LO, po 70)0 In this cago, it is possible to estimate densities at 
all temperatures withest any experimental infornatien. 


CLE of this methed, the follering preecdue illusH 
wa the steps in de ning the critieal density and the density at 
160°S md 400 ats procatre. It do knows that the density of ethyl alechel 
at 20° amd i ata ds 90:789 gaves. Alno, for etiy) aleshol, Ty (eritieal 


tenparatare) © 243.1°C and py (eritieal pressure) = 63.1 atm. 
20 2h 301, 186 
168 63.1 00 
0.568 1.0 0.878 
a 0.0159 1.0 1.59 
a (fre chert» Beko 206) GolZ? 6oOk 8.098), | 
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fable 2. Values af Bipansion Faster 


Reduced Reduned Preesira, p,. 
Teapera= A 
PWC y Tp 0 Ook 0.6 1.0 465 20 3.0 5 of 


0.5 (0.2328) or es 0.13% — 9.1333 — 9.130 
0.6 O.42)2 <= =~ 0.1250 == 0.1258 == 0.1275 
0.7 OolWss 0.1150 ~ 0.1358 = 0.1170 0.1182 0.1202 
0.8 0.1028 0.10k2 0.1050 0.1056 0.1070 0.1077 0.1098 0.1125 
09 oes 0.0900 0.0915 0.6526 c.ccn5 6.0968 0.1002 0.10h3 
0.95 on 0.0810 0.0831 0.0872 0.0902 0.0913 0.1005 
eee ee Se 


p 0.789 at 20°C and 1 ata 


Pyfoy = 0+789/0.127 = G21 (the characteriatic constant 
for ethyl alechol) 


fherefers, at 243.1% and 63.1 ata, 
O, 2 (6021)(O0.044) © 0.273 ga/fes 
ami at 100°C and 100 ats, 
p = (6.21}{0.098h) © 0.621 ga/es. 
9 the value of p, reported in the Internation Critical Tables 


CUPL GR 
: ga/ec. 


According to the anther, for most of the substances investie 
gated, deviations fron equation (26) and Table 2 were less than 5 pereent. 


b. Modifieaties of Cameen end Wateca 


Gemgon and Watsen (Ref. 21) noted that tho values of (mA 

and (v. @4) are substantially imdepamiont ef isemerisation. Also, tm 

Bex & mmbar ef hanolegea series could be expressed ty the general 
relations 


pyfoy = 2 * 20h ny om log a, (27) 


aanim « constants characteristic of tha aeries. 
a, 8 number ef aarben atens 


Thue, 
fer paraffing as 1,88 mm « 0 
fur mons-clefins & = eds B sw © 
five ac@egysiie ermaticen & = 3.0, Bs G 
and for alechels a = 2.89, B = 1.24. 


The above equation, with tha help of the generalised relaticn= 
ships for estimation ef eritical temperatara, pavaits the prediction ef lig» 
wid densities at all conditions without diract exparizental density data. 


@. Kethed of Hasacn 


The relntions developed by Wateon are baged en the principle of 
cerrespomiing states which ig only approxica tely trus. For greater sceseey 
Rarsen (Bef, 22) intreduced cortain refi: pow in 
five greaps an the basis of their redused voles at Ty of 0.9. 
taimed generalised relations for reduned volumes as a gt 28 ef redused 
temporatere for each of these ag shown in Table 3. A graphical representa- 
tion is also possible (Ref. 22). Ranson obtained added cenfirmaticn fer his 


methed of grouping a honologous serions oy caloulating reduced vapor pressures 
ef lignids as a function of reduced tempor 


Ghe erthebarie densities (dowshty of a sa in equilibeiun 
with its saturated wince) ean be ealevlated at amy temporaturs fron 
te ® 0.50 bs) Ty a 0.9 aaing the relations 


phere 

Vp = reduced velume at Tp. 

Vez © rFedused voluse at 753. 

p « density at Tp, ga/ee 

P1® «denslty at Tey, ga/es. 

The only data required for the usa of this relation are ae 

eritiesl tenperature and the Liquid density at any temperature above T. 
fi. 


-5, 1s essa the eritieal temparature is net known, it ean be caleula 
by ene of several gomeralined methods (Ref. 10, pe. 70). 


Table 3o Vp as & Fimetien cf t. for Five Groups of Ceupoumia 


Reduesd Yolune 7 Vy 
ty t ie wi oo v 


2.00 4.000 1.005 1.000 1.600 1,400 
097 0.618 0.$08 — 0.592 0.557 
095 o5 12 0561 (0.562) =. 56 5% 


Ge a a Dn RR se 


Grew X. Aliphatic halides, aliphats sereaptang, mononuclear 
arciatie kydreserbors and halides, cyeloparaffin 
hydreserbens, altregen hetercayeliss. 


Greus IX. Amines (¢, and higher), aliphatic ethers (¢), 
higher), Sites of menoesrbayylis acids, Slay 


Grown TIT, Aliphatds oulfides Co}, 8 and higher), fatty acids (4), 
aed higher) and keteass 


ROLB (e, and bd. ghar). 
Gow VY. BMitrites. 
It ia to be noted that paraffin hydrocarbens could not ve in= 
euy g@rcapings and kenes their densities shawla te 
sattaa ted ly tho rethed of Watcen indicated previously. 
fhe averags deviation fog 26 compoumia tested at Tp = 0.50 was 


0.006 waite in V, wileh corresponds te an errer of about one parcent in 
dena ty . 


Ag on eeeaple of this methed, the calevlation of the ortinbaria 
density of n-butyl aleehol at 200° is aheava. 


a a 


Pata: Idauld density at 20% = 0.810 ven ; 
Gritdeal tesperature, T. = 287°C = 560°K 


Calculations 
at 20%, tp » PORE . 6.525; t © Godel (table 3, 


Greup TV) 
at 200%, 2, » ZO FSI 2 o,flsy Wp © OobF7 
At 200° , Pp #2 ee (0,620) a 0.63). gies. 


2. Estimation of Teaparatwee Effect on Liquid Densities 


The density ef a liquid at a series of tenporatares ie frequently 
desired when the value at only ons or two temperatures is Imam. The fele 
L wethed bag been found fer extrapolating and/er interpolating 
data (Ref. 17, pe 268). 


The lew of Callietat and Mathias, nenaliy kee es the ley of 
rec: ilinesr diemstes, states that the mean density of amy gabatamse in the 
state of liquid ani saturated vapor at tha sme tenperatero (fre lew bye 
peratures up to the critical point) is a iimesr fmstion of the tempers 
This may be expressed mathematically es 


dy dy = ae bt (2) 


where 


@, «© the density of the liquid in g/es at a tenparature of ¢ °C 
@, = the density of the vaper in the sete mits end at tho ome 
tempera tare 
& and & e eonctents . 


To obtais the valsas of a ant b 18 12 neseaoury to knew cotseotny 
the liquid densities of a substance at oe fe g enh Suitable 
perateres for these determinations are 20° and "95%n fa meci nary > wes, den 
aities above 30° are not ag esourate ag theso betwesn 20° azd 30%. Busopt 
in esses where special equipment is used, ths densities ebtained at the 
lever tenperatures would prehahly give better valoss fer eslewatiag tsa 
parameters. The values of » and b are gaslly cdtalnel ly Mret ealoulating 
the vaper density and then substituting this valve aleng with the value { ios 
liquid density in equation (29). When the values ef a and b are k 
dezsity at eny tesparature up to th: oritieal point may be calowisted. 


As stated above, 1¢ le necoosary to etinate the waper denoitr ben 
fore the liquid density can be ealewlated. Beoousa tho vaper deviates fram 
an idenl gas the equation of state for an ideal gas cannot be wed fer the 
ealgulation of itu density auch above atmospheric pressura without Letra 
duging large errors. Dreisbach (Ref. 17, p. 70) has overctag this Malin 
tion by making use ef the rolatiion 
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log dy & A= H(t + 2%). (30) 


According to this eyuation a plot of the vapor density versus the reciprocal 
of (t°o + 230) gives a straight line. The equation has th: sama Taw es the 
Antoine equation () for vaper pressura (Ref. 13). Since the equation is 
based on experimental data 1t eliminaisa ths errors dua to the devistinn 
from the gas las, Thies relation shows axcellent agresment with experizental. 
data up to about & atmogphsres. Above this pressure and up to avout 10 at- 
mosphares there is decreasing agraweant, alinough even near 10 ataospheres 
the agreemant may often be very goed. 


Wher d,'a at higher temperatures carresponding to preastres greater 
then | atmospieres ara desired, the values of A and B are obtained by a dif= 
ferent method. The method given by Dreisbach (Raf. 17, n- 70) sx peat be 
deseribed by considering a spacifie problem using the tables prepared by 
Dreisbach in this reference. 


Gonsider the calculation of the yalues of A and B for isoprepylban= 
gene which has a boiling point of 152.393°C at 760 mm preasura. 


1. Fre tho structurai formule the compound is classified as a cucsecs 
derivative with & saturated side chain (Ref. 17, p. 70). 


2. A = loge k (31) 


where M is the molecular weight and E is a quantity which is a function 
ef temperature and the structure of the cesponnd. 


3. Frea the appropriate table and for the given boiling point teaperature, 
the walue of E is obtained. 


For igopropy] bensens the value of E at 152.393°C 49 0.43835 (Ref. 17, 
pe 70). Tho molecular weight 4s 120.19, Therefore, A» log 120.19 @ 
0.438% © 1.64351. 


The value eof Bis obtained fron the eaae table, fcr the same teapera= 
ture as A. This is found to be equal to 1562.7. 


fhe values ef A and B are than substituted in equation (30) and ths 
equation is used to calenlate the dezsity of the saturated vapar at 
any temperature te 


3. Calevletion of the Thermal Coeffisient af Expansion of a Liquid 


The ceofficient of voluwse expansion, a, of a liquid is the ratio 
of the change in volume mr degees to tle volume at 0°C (cr at some other 
specified Larmor ature) 


a= (A/V 6)(00/dt)y (2) 
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fhe aceffieient verdes with temperature. For liquids far removed fron their 
eeitical teaperatire the specific volume ia little affected by pressure and 


the pressure need not be taken inte account in the caleulation of the cosf= 
Lisient ef expsnsica. 


For finkte temperature changes, equation (32) say be uritten 


Sag * (1/¥,)( ¥g 2 ¥yi/ (ty = ) (33) 


yore @gy ig the average value of the cosfficlent over tha ianporature 
vange ty to t2 and Yo, Vy aml Va refer to the specific velume of the liquid 
at aparatorae oo amd te, the latter being the temperaturs of the 
referemse state. 


Maswrell (Ref. 11, pe 1h0) shows 0 chart based on the characterisa= 
tien facter previously deseribed which permite ths espirical determ 


of an expansion faster for hydresarbons. In many cages dtds is ‘also applie 


esble to organic eempoamis. The accuracy obtainable is unknown but the | 
errer in the expansion faster is certainly not acre than 10 percent far any 
woraal extrapolation, 1.6. for resconsdle teaparature rquges 


kh. Stmary ani Recumended Metheds ; 


The wathed ef Hansen ia recomeanticd ag being tho most accurate and 
the meet generally applicable fer the ealauiaties of liqnid densities. When 
sufficient sxperimeatal data are available, the methed of Droiebssh is pro~ 
fepable for predicting the variation ef liquid density with temporaturs. 
Otherwise, the charastemisation factor techaique provides the only seai~ 


meteed wilws eam be applisd tarough the use af the seafficiont of 
expansion definitions, 


Uaile esusiderable pregrese keg been made in tha theary and salenlation 
ef heat eagacities ef the aclid and vapar states little has been accozpliahed 
for the liquid state. The motheds for estimating specific heats of Liquids 
are based, thwrefare, en correlations of experimental data and aro e=plrical 
is nature. The follering 


genaral rules (Ref. 23) serve sa a guide in tha 
eatination ef specific heats ef liquide 


1, Pure tiguide 


@. The specifi beat, Cr ef a lignid is vavally geater than 
that ef the solid, a. ., but lese’than that of ths vapor e § ai ta 
waiess ef 5.3 and Cpe FUR parallel. This generalizstica applies princi- 
pally to fi ecapsunds . 


bo Tho specifie heat ef a liquid increases with ries of temgora- 


| 
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ture (except meroury and gene alkali metaln), The relation 17, apprrriestsly, 
& linear ao. 


CERCA ci ine ewes the Cer nah we ales fy 
pRsaek Se Se Cee ant aod 


Ge The differences between the mola] heat capacities (Ka) of gece ; 
cessive sethere ef certain homologous serion of organic caapounds are noarly ae 
constant and approrimately equal to 8.0, except fer the alovhcls which ace a 
highar » 


d. The product (specific heat x dexzity) at the sume reduced teae 
| perature of T/T, = 0.6, ia constant wo that equal volees of organic liauide 
at this reduced ‘temperature have the smite beat capacity. 


@o Isgemeric liquid organic coapounds of similar chenical comstite- 
tion pave approximately the same mola] heat capacity (io) 


| f. Ag a goveral rule, an unsaturated ecxpound has a lower apecifis 
heat than a eaturated substance which differs from it by Hy but the effest . ae 
depends on csngti tution. as 


go & number of liquid elements and cosponnds containing up to five 
atema in the molecule haves molal heat capacities which are apprariustely ad~ 
@itively cosposed of atazie heats of about 6 prm-csleries, agreeing with 
Duleng and Potit's lew and Joule's lew for sslids. Kepp's lew giver values 
» whieh sre uawally too hich. 


20. Laquid Mixties 


The aeciracy watm shich the heat capaeiqy or liquid waixtires can be 
eslevlated by the méxing rule on the basis of weight fraction of ecaporants 
depemis on whether Heat is evolved or abserbed on mixing of ths components . 
fie depends on the molecular strusture amd the kinds of atoms in the mals= 
cule. For example, molecules containing atoms of oxygen, ni one om s1a0= 
ring along with hydrogen are strongly aascoiated whereas kydresarbsn male= 
eules are mot. Tha apscifle heats of liquid alxtures of the latter ean be 
calewated by the mixing rulo with fair asauresy but the specific beats of 
aqueous solutions can net. 


30 Bapirical Equations 
& Hekert's Equation 
Hokart (Ref. 2h) las summined a mass of specific heat data from 
the literature, He found that the liquid spanifie heat at 60°F can be repro= 
sented by the squaties 


e6oer ° 0.7125 = 0.M05 a (34) 


where 
85 = specific hyut, Btu/1b 
ae specifies gravity av $0. 
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Ascerding to Eckert, 91 percent of the deta fell within % neesent of this 
Felationship. 


bh. Foresh and Whitean's Equation 


Forseh and Whitman (Ref. 25) determined the spacifie heats of 
15 petreleua olls over teaperatury intervals varying frea 50° to 430%. 


The resulte ware in general egreement with Relert’s equation but sould be 
batter scrrelated by the equstien 


where % is in °, 


This equation was faumd to fit ths data with an average deviae 
tien of 2.3 Sal at 20°F and represents petrolem olis whose apesifie 
gravity at 6C°F varie frea 0.75 to 1.00. This equation relates specifi= 
eally ha aaa oilg fraa the Hid-centinent field (characterisation faco 
ter, 11.8). 


S. Fallen and Wateen’s Foustion 


Falien ead Watson (Ref. 26) hewe derived the folleving eque= 
tion far the liquid specific heata of e9 


hydreserbens and petrolowm fractions 
at teaperatures between O°F and reduced tea 


atures (/%,) = 0.85: 
Gp © 0.05 ¢ 0.128 x 10 (API gravity) + 


+ [ 0.503 ® O11? x 10% (apt gravity) | . 


[ 0.08 @ » oka] [2073] (e) (35) 


where 
& o % 
C « characterization faster, sea equation (2), page 6 
FS) 
2 


— 


a. Chow and Bright's Method 


= In a recom payer by Chow and Bright (Ref. 27) an eaplrical 
correlation Is presented for predicting the heat capacity ef organie lige 
wide fren thelr structural parachar and molar refraction, Tha parache’, 
P, is defined ag 


Ps uottyy — py) (7) 
Wolar refraction, BR, in ealevlated fraa the Larents-Lerena equation 


B= (W/p)n? = 1)/(u? + 2) 


he, 
¥ 
ed 
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Moleauler weigot 

density of the anturated iiquid 
denaity of the saturated vapor 

refractive imdex of the Liguid 

swfaes tanzica. 


a ti: ae 


Receding to thea aethers, the liquid speoifie bant, o, is ree 
lated to the parecher eed poles eaheustlon ge phos by the equation 


a = (P + B)/AR (#) 
whers & and B are ceastants sharacteristie of a given homologeus wertes of 


While beth the parachor and wolar refraction ara Tirtuslly in 
depemdent ef teaperature, heat capacities are not, a¢ that. the equation holds 
ealy for a given temporatare which the authers chose aa 20°C. 


Ta the calowlation of the heat capacity ef = givun organie eu 
pewnd at 20° ty equation (39), the appropriate valugs af the constants A 
and B are galected froa Toble 4 and the paresher and molar refraction are 
wlenlated ay means ef equations (37) ami (38). If data necessary for the 
application of theee equations are met availabls, ths parachs> and molar re= 
hehe way be caleulated fren the atoale and structural values given in 
a 


Sable . Values ef A and B at 20°C 


Prishllerides 20 BQ 


Sonam ty a. Af 


18 


ee eee 


fo ee 


fable i, 


a Chlereacetstes 18 58 

| Dishlercacetates 20.6 =/6 
Trighleroasetates 22.6 =n | 
Iwoaleckols 21.5 76 | 


brematie ldrecarbens 1743 


. ; hd | 
Benseates 15075 HB? 
Phony]. ethare 16.15 ah | 
p-Creuy] etiara Ibeb 8B | 


fable S. Atewde sad Struatural Valuca 
e€ Parashers and Moler Refractiens 


© (byérexyl) 20 1.525 
0 (ether) 20 2643 
0 (earbaxy)) pl?) 9.21'2) 


F 


“Fy | : 
Table 5, centimed ; : 
N (tartdary exnins) 17.5 2.040 
M (nited2s) 55.503) 553602) 
8 50 __ (4) 
Pp O05 __. (4) 
12.5 0 _ 
: i; | 
3 0 
908 ) 
«4.0 0 | 
Deabie bend 19 0 1.7.33 ce 
Seaipolar double bend 0 1.733 
Triple bord 38 2,398 - 
Singlet Linkage A 5 


(1) Fer bydregen on carbon. Rydrogen on braains has 3 
parachor of 16.4; on chlorine 12.8; on oxygen and 
on nitrogen 12.5, 


; | Includes allowance for double bond. “] 
3) ineludes allowance for triple bondi. ve 
| lh) Valve depends on types of coapound. ie 
Parachor strein senstants | 
(R » hydrocarbon radieal, I = negative group) 


Constant . : 
3 carboryl in rig By 
G RRL; R°CHOs ReCO°Ry RCHe2y Rio; Wo°Ry HOORs e900 


i  =3-ROHKgg RCOOHy R°COcORy R°CO Clg RoC; RoCF*Ry ROH: RO“O-CR: 
BO°CO*C]s ReBOOR; ROeSOCOR? RoWHs NO Cl; ROgRs HOpCBs Hy0, asides; 


R S8a00a 
: 
bo, a es 
; WADG TH dk=66 ® 
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= aoa sae ee A I A ESOP SED ETE TO Oe 
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enn 


Sprain 5 1 ammmit 


ay tins ty MOY 6 ct ig 2 He 


stn 


Table 5, centinuat 


Constant 


= ReoCKgg R3Ckz C1°CO-Cls R-SOg°C]y RzGRy R°SOg-Ry RO°SOzRy 
ROBO] °GRy Roly HCL3y NOQCLs PKs RaPs PO(OR)ag BX z:AnK a3 SbX 3 


w12 SOC], HCL; Poy) Sb0ls 


fhe wethed is illustrated by the caleulation of the specific heat af 
Giphanylaming, CgRcHRCgue . 


~H Chys ByCy SCL g SOg6ly; NOCLyg POCLs SiX,3 Suk, 


‘Wren fable 5 
12 Gerdes atens (22)(9-2) = GMO  (12)(2.1h8) = 29.018 ; 
10 Hydrogen (te sarbea) (10)(15..k) 4ShoO  (10)(1.300) = 11.000 | 
1 Rydregen (to nitrogen) 2.5 1.100 
1 Hitregen (seccadary amine) 17.5 2.502 
2 é-menbered ring (2.(0.8) «© 1.6 0 
Strain constast (Rl) = 3 . o= 

P = 293.00 Bo 13.618 
From Table k 
Aail?$; Bo ls 
Ryuatien (39) 


GC a (233 © b5)/(17.8 x 43.618) = Ooh35 
{ho mesrest experimental data are reported to be 0.437 at 54°C. 
AGewPasgy u 
4& eesporison ef ealeulated values with expariuental for a great variety 


ef liquids shoves that the mean deviation of the calewlated values is about 
@ percomt with the maximum net execeding 5 percent. 
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fhe correlation gives no infareation on the teapereturs seafficlont af 
aywcifis heat. 


4. Swamary snd Recoumended Metheds 


The ma thed of Ghow and Bright provides the most generally applisable 
and agcurate maiiied fox the prediction of specific heats of Liquids. Tha 
Forsch and Whitman, and Fakioco and Watson mothuis are appiicabdis to bydrestre 
bens aii petrolaw: fractions, as apecificaily asitioned, while the Bokart 
wethod presumably can be applied to any liquid, including mixtures. 


Any fluid in motion which has its flow comstrainsé in agy fashion is 
subject to shear stresses. The resistance c? the fluid to shear is commonly 
jermed viscesity. Viscosity is actually a measure of the force required to 
eause the slippage of one layer ef molecules past an adjacont layer. The 
menouremomt ef the viscosity of a Liquid is dizNervlt to perform accurately 
because of its dependence on temparature. Pressure has a winor effect. in 
gome cases, viscosity is dependent also upon ths rats of chear, Viseosity 
vilves can sometimes be correlated by considering tho molesuler weight amd 
wolecular structure. 


Experimentally determined values for the viscosity of a largs mmber of 
commen ecapcunds are avadlable in the usual standard referamee tats of Peery 
(Ref . Ys Landelt-Bernstein (Ref. 2), Laage (Ref. 3), Internation dare ood 
fables (Ref. h). amd the Haudh cx of Chealotry ond Shysies (Raf. 5). Where 
no information whatevaver 1s available, or far extending information whore 
oly ons or a few experimental data points are available, the fallevine 
estimation techniques are recomended. 


1. Wothed of Hougen and Watson 


The methed of Hougen and Watson (Ref. 10, pp. &69=7h) is based en 
the thearea a? ecrrespending states and the prediction depends upen a gen- 
ereliged graphical relationship betzioon reduced viscesity and redused ten~ 
perature and proseure. & cons tion of all available data on the varia= 
tion of viscosity with temperature and preagure in beth the liquid and gascous 
states led to the construction of the generalised chart. 


If no direct vincosity measurements srs available, sn apprevisation 
to the entire wisconity curve for the fluid may be ea tina ted froa 


He = 6166 /ita/(t9)?/3 (40) 
where 
o * witical viscosity, aleropoises 
Mos molecular weight 
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f, = eritiesl temperature, °K 
Ve = Griticsl volums, cc/yamele. 


Onss 4 valea for #, is mewn, the gensralised serrelation curves can bs 
entered for known valuss of redused temparature fT, ami redused pressure BR. 
ani @ velvua for the reduced vigconity wy may be obtained. The viscouliy 
at the known values of T, and P, ia then, 


B® Hy Bg (42) 


When one experisental pedimt is known the generalised sorrelation 
can be used to obtain 4, ao that the foamer appreximation is uct necessary. 


When 2 nouher of experimental points are available, this mathad, ae 
the plotting of the experimental points as the legu vs. the leg f as resaz= 
mended by the ASTM ean be used for interpolation or extrapolation, 


2. Estination of Viscosities of Liquid Mixtures 
& ASTY Methed 


The aSTH proesdure preposes that, for blenis of two liquid poo 
trelews fractions, the standard ASTM viscosity graphieal representaticn ba 
used but with substitution ef a sosposition scale for the teaperaturs scale. 
Specifieslly, O°F should represent 100 percent of the Light component aud 
100°F should reprasent 100 ent of the heavy ceaponent. This ia linkted 
in the mumber ef casem to which it applies. 


Ths wascosity of petralem fractions over a teaporatare vanye 
may be estimated acourgtely and quiskily if the viecositr at wo temperatures 
er the viscosity at one temperatures and ¢he charectarisation faster are known. 
These data are plotted on ASTM vigcesity~temperatare plotting paper (Charts 
D3id-y3) and a straight line dram between the tye points and extrapolated 
%6 higher and iewar teaps¥atureag, In the case that enly ons value of tho 
viseosity is mam, a straight line is dram through the poimt and parallel 
with the vissesity-teaparature curve of a hydrocarbon Liquid of appraximately 
the sams characterisation facter (seo discusaion ef characterization facter 
on pa Ga 46 ramples of the ASTM charts are cham by Maxell (Rez. di» 
PPe 1 TT ° rs 


- Bb. Mole Fraction Method 


aye 


The second sethed is a rather obyieus and simple teshnigus of 
aging the mele frastien average of tha viscosities af the pare eqmponante 
represent the viscosity ef the mixture. Tails may be used for rough apprarie 
mations in cases uhere the ceaponents making up the mixture are similar and 
have apprerimately the eane vincosity. 
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8. Mathed of Hougen and Watson 


Unfortunately, neither er tha above two zetneds is astiafactory 

be ayetess auch as, tum emarplse, the eethr slacholiowster avates which, ace 
erdiug to the meager data available, hse 2 vievosit; sempoaition curve which 
gees through a maxizua. We are fereed to agres with Hougen and, Watson (Ra?. 
0, pp. 249-7) whe ntate, "Wo entirely astiafactery method is available for 
eutimating the risooelties of mixtures.” However, they present te roilewing 
wathed wish, althoaah wot eumpletely twsted, shows more promisy than ef ther 


af the che tyro ath odp » 


Flies methed le elaiier to that described above for gingls line 
uida. Uehara and Wateen (Ref. 10, pp. 9-7) recemmend that the reduce: 
values of pressure, temperature, and viscosity fer mixtures be based on ibs 


peowlesritical prepertiea. The peeudecritical tesparature, pressure, and vise 
ewity are takes a8 egmgl te the maolel avara.s of the trus critical propare 


tise of the componente of the alxture. Thus, fa@ a binary nizture 
' 
Be Th Bey + Be Age 


(2) 


peevicoritieal viscesity of alxture, nicropeless 
nele fraction - companant 1 

eritieas vigscsiy et Tr 1, aierepolses 
mela fraction ef eanponsn’ 

eritical viseesity of san 2, aloropoises 


Values ealovlated ty taxis mathod shoes fair agrement with data 
ea the viscosities ef gaserus mixtures. Thies method ia belleved to be sin= 
pler than othera invelving use ef the visecaities af the pire components at 
the eomiitions of the aixture. Littles is known concerning the anscuracy of 


this methed with liquid aixtures. 
be Avrkonina ie thed 


fhis methed (Ref. 28) oan be ropresonted by the following equ~ 
tien fer a binary mixture: 


legy = th legyy ¢ Ih los (43) 


© BS FP. 
@s @és @ 


ao Wissmatic viesesity of zixturs 

a mole frectien of esmponent 1 

© kisematio yiscesity of cerpensn? }. 
@ goles Svantion ef eoapensnt 2 

we kinesetie viscesity ef component ¢. 


Thie equation is derived thesmodynumically on the assumption 
that every mulesuls of the various components of a miximre bas an equal 
ehanse to ecntributs activated molecules. A similar equation has bevn used 
fer years in the petrelows imdiustry bat the mole frantion 4s replaced by 


Sere C 


mE 
= 


Waly 


Laem emery err eer Re a 0 ET RETR POR Fete RNAS SON SEE ERE RE AS AS, BLE PI BRR BE 
FIT: | Ts EERE AN TORT, 


weight or volume fractions, flush @ replacemont would be valid caly as leng 
as ths caxponents do not differ widely in melesular 4s 


@. Effect of Melesular Weight 


when a Liquid of high scleculer woigit ie ia solution with a 
Liquid of lew molecular veight, a differant gituation arises. The ¢ 
iynand. 2 atemption tnat the large S 
cule conslets ef several ueller eageante whieh oat indepentontly of eagh 


Powel, and Uyring preposs using an effective melo frastica, By 
fer the segmental lerge uolesule inatead ef the astual adle frestlon, Ibe 
Tho W is defined by 


Be = af/(m + 29) (hts) 


nf o ay[2 > (@1)9 (h5) 


vhars 
e effee 


effective masker ef mea. 
molssuls 
» effective mmber ef sageents malssels 
a @olun feagtion of the levene isropeight liquid. 


Using the effective mole fractions is equations (hh) and (453, 
better agreement is etained in nesy cases betwoon cosorved and galoulated 
vigoesities of mixtures. Calowlated resuhte walang fou ditterent nixtures 
deviated on the averag® by 21 percent fren the experizeatel, 


£. Effest ef Strasture 


tO 9 oh 
8 B 


© 


4m leng chains (very flexible), tho latter act as if 
higher comsentratien than represented ly the mole fregtien. This ls 
tha mere paraffinic olls aluays deaimate the visecalty ef the blame 


Tt geeas that the wethed ef oquatden (3) te readily 
to sixteres of canpeumis having oimiler molesilar eaigas. lg 
has limited use because ef the diffieulty in calewatiing 
fractioa. 
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go Characterisation Paste? 


Detsminatlen ef the vieseslty-tespe re) 
peseible through the nae ef the sharantariantion faster : 
Watwen and Kelsen (Ref. 6 ani 7) and Heagen ead Watson 
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give empirical charts which relate the viscosity at LOO° end 210°7. with the 
chars.cterination factor wat soue other property such an boiling point or 
molecular weight. Extrepciation can be made by means cf the ASTM charts pra- 
viously sontioned, Mewwell (Raf. lL, pp. 155+77) aiso shows much of this 


weme type of information. 


3. Suemary and Recawasnded Be thoasi 


fhe mathod of Hougen and Wateua is considesad te he the bant awalle 
able for predicting viscosities of pure substances or of almple aixturas when 
Uttle or no experimental data arg available. For aixtures of teo petrolens 
fractions for cach of which a significant ascunt of informstion is available, 
the ASTM methed is readily applicable. Also, in some cases the characteriza- 
tion facter technique provides a convenient tool fa hydsooarbon mixtures, 
petrolem fractions and, in a limited way, to same types of pure organic com= 


pounds 


There is a scarcity of experimental thermal conductivity data of lige 
wide in the literature. Only several huntred experiments] veluen are r 
ported, Many difficulties are encountured in obtaining accurate exparimorm 
tal dats. The chief cause of imancuracy ia the presence of convestion ef: 
feeta which tem to increases measured valves of thermal condustirigy. It 
4g quite probably that many of tho axperimental values deviates from the trus 
values by «vs much as 10 percent. A recent coapiiation of experimental yalusa 


by Sakladie and Coates (Ref. 29) is available, 

Sinse expsrimeutal cats are net available for many of the never chenl~ 
cals, the valuse sugt be eatimated by eapirical and thacretical means, Sane 
of the less important meticds found which have little utility or accuracy are 
these of Denbigh (Ref. 30), Saith (Ref. 31) amd Risdel (Ref. 32). The baat 
methods so far available are dlagussed in the following. 


1. Palmar Methed for Oxganie Liquids 


The equation derived by Palmer (Ref. 33), fa@ a temperature of 30°C 
(86°F), 48 as follouss 


BS ge es 

© 000987 [(p 09)/(A/2)] “Yo/ (48) 4 

1 Suni i 270 Ony - 

k o theraal conduntivity, cal/eso-on"("C/on)(at 20°C) - 

ag density 5 gaa/ce fe 

% @ specific heat, ga-cal/ga-"C eo 
f = molecular weight et 
5 /f = ratio of latent heat divided by boiling point at 1 ata, el 
E ginmolo~ r 
& WADC TR 5))-66 38 E 
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Te eonvert the above k te Btu/mr-rt*(%F/rt) awltiply wy 2h2. 

For 8 liauide thie equation checks the expsrimenial values with an 
average deviation of + 8.6 pareent. The liquids tested incinde water and al- 
echols (assosiated liguids), ether, some chlorinated hydrocarbons, and hydre= 
earhons, Thie equation appears prasising and has been checked extensively 
Wing avalleble data. 

A sesple calevlation is sham for ayaleherana lianide 


Py - 0.771 gas/ee 


20.0 
Ob65, ga-cal/ge-"c 
"2 8); .16 a ete ae eight) 
k « (0.0947 x 0.771 x 0.165/20) mM TTYLRTS 
e 3.56% 10% oal/eee-en"(°G/en) 
2 0.0860 Btu/krott?(°r/ee) 


2o Grages Methed for Rydresarbens 
Gragee (Ref. 34) investigated the theraal cendustivity of petrelem 
ellis. He eerrelated the data ef seven different observers, using 18 different 
@ils, aid ebtained the equation 
ie © (0,0678/a)[ 1 = 0.000%% = 32)] (47) 
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This equatica cerrelated the experinestel data with an average de- 
viaties of ¢ 7 percent and a maxinwa of =f percent at 1 ataosphere wresaure. 
Ths data covered the range froa 3° to 00°F 214 0.78 to 0.95 spseifie gravie 
w. For tydresarben Meuidse this equation is rec wmended. 


3. femparatuzs Effect en Organic Liquids 


- fhe thermal condustivity ef moat liquids generally varios in a 
e mame with tenperature ag follews (Ref. 29). - 


zk o alle b(t = 2)] (48) 
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There is mo way to prediet the temperature confflalent b ani can- 
stant a. A method wien sezstizes oan be used is te nso the value af b ab= 
tained free sindler campounis a osapounds 1a a boxiclogows sexles and dotur 
mine a frum @ prediction cv one expsrieental point. 


Ag stated, the Palmer methed ia recemnended for organic Mlawide 
while the Cragoe methed is apseifieally applicable to petrelimm oils. Tho 
change in the timmal conductivity with temperature con ususlly be axproased 
by equation (48), 
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BAL, SFPUCTS OF FLOID PROPERTIES Gi OPmatTicn 
ce AIRCRAFT COOLIEG SYSTENS AND PERSONNEL 


Ts the design ami oparation ef airsraft cooling oe heat trenafar ayetens 
fer suclliary equipment ths piysieal properties of tue heat transfer fat 
utilised wild have large affests. It ia, of courses, caairable to usa, in 
atg auch application, the most efficient finid, consistent with the require- 
wents for parsemel safe, reliability, and dependability, econveniexse of 
use, apd others. Therefore, in the evaluation of the desirability of any 
particular fluid, knowledge ef ite preparties is impertaat, not only to help 
evalusts the cooling systes's pemalty on alroraft perfermanes, but also to 
help evaluate the frings effects ef parsennel safety, ate., mentioned above, 
whieh may besene everriding in the final selection of the bast fluid. 


it ia the purpose of this section of the report to present a dissusaien 


ef each of the important physical, cheaieal, and physielegiesl proparties 
asseciated with heat tranefer £1] » if & general way. 


The vapor presoure has been previcusly described as ths quantitative 
etatezent of the escape tendemsy of the molecules in a liquid oxpressed in 
taras of pressure, while the belling point is the teaperature at wikleh this 
eaeape tendency becomes sufficient to arersemme the amblent pressure. The 
moraal boiling point, i.¢., the belling point at atandard ground-level pres= 
sure, is important in this application only in the fact sais 1¢ defines the 
tenperature at which the vaper preasure is ene ateesphere 


A eonsideration ef the formation of vapor in this type of aysten ia 
important fer four reasens. First, the forsatien of wapor at the heat 
twansfer surfaces (when feread convection heat transfer ig being used) will 
have a deleterious effect upon thy heat transfer coefficliant. Second, the 
formation ef vapor in the eiretlating puaps might eause vapor losk and eon= 
sequent less of cireulation. Third, tie escape of vapor fermed would causes 
depletion of the heat tranafer fluid with subsequent: failure of the syaten. 
Fouwth, the eseaps of tie vapor, in the case of 3 toxic of infleamable avb- 
stance, would axposo the alr and ground crews of the alreraft to a safety 
hagard 


& 


For all fluids, with but few exceptions, a presaurised gratem ia neces] 
wary to counteract at deast one of the above possible diffienliies, particu= 
ierly for aireraft operation at high altitudes. All these considerations 
lead ons to conslude that an ideal lieuid is ons with a ley vaper pressure. 
This would mean thet the system could be oparated safely and efficiently at 
a iow pressure. Low pressure weana (1) leso aetal or plastic weight, cost, 
ani velume required in the containing aystes, (2) leas danger of vapor biii- 
ing at heat transfer eurfaces or in pusps, and (3) lesn danger of fluid or 
wapee escape through leakage at flanges, eemmections, joints, atc. 
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ash Point, Fre Point, and Combustibii4iy 


Goviously, for aafaty reasom, 2 now-comhusiible, beat transfer fluid 
ia most denirabie for the present purpos. Lacking tis, a liquid having 
high flash and fire pejits is next in order of desirability. Ths uignir the 
flnah and fire poluts, the less dasger and the fever precauticns thet need 
te ba taken dm hemline the materdal. Also, higher flagh and firs points 
ment: lana need far eafety features designed in tne aircraft and ground han- 
djing saul pment to encbat Piva aanse:t by necidents) leskase of vencs om 
aplllage ef Finid. 


Ta the present apnitestion, lew freosing and pour poluta are extrenaly 
cesirenls. Fluids having freoging @ pour points abava «65°F will be umdice 

Ble beesuse of tho need fer providing auciliary heating unite for main~ 
Sage rer etl ptt ered Moe tr aaah ie ta habeas ad 
4g extresely everdcaigned pmps and prise aovere in terms of normal 
sparating eendiions te feree the fluid through the syaten. Higher pressures 
dn parte ef the system with higher strength requirements in ihe containing 
Seven would alse be a result. The increase in sest, weight, and complecity 
ef the aireraft, which would result, 4s apparent 


On the besis of all criteria whioh ean be established, a high fluid 
devaity is desireble in the present application. First. and probably fere- 
neat, @ kigh fluid density, all ether properties being oval, means o smaller 
apates einee the volumes fle rate would be reduced. 


Other considerations lead eme to conclude alse Uiat high density means 
higher heat transfer coefflolente and mare heat. transferred in furced econ» 
feet ree Oe at vever Sepewet <3 pasping tie fial4. The sise of the 
beat exch: ra thyaselves will net change noticeably, particularly if air 
ig wed as the witimate coslant, since it would have a controlling effnct 
ups the everall heat transfer coefficient. Consequently, the major saving 
whieh ean by agsenpliabed with a high-density heat trensfer fluid will be 
an me power end in the aise ef the fluid lines. The density range of 
£} Imewn and available fer this type of use 1s amall, being enly about 

0.7 to lek @a/es. This mavimus facta of 2 would have some effect upen the 
@ power requirements but the saving in available hersepover and cost 
wien could b be achieved is probably not aignificant.. 


Spenitte Boat 


fe specific heat of 2 best tamsfer fluid can affect the dealgn and 
eperatien ef a cecling aysten in tes waya. Pirat, a bigher heat transfer 
oortfisier? ean be swtained in preciies with a fluid baring a higher enseffiy 
heat, ell ether thiags boimg equal. Seoond, ths heat storage eapackty of a 
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flwid ie higher if it has a bd. ghe apseifie heat. This latter effect would 
result in (1) a lower temperature ineresge in sheorbing the aame amount of 
heat, (and a larger taiporeture difference aml asst wansfer rate or a lever 


tem o¢ (2) a lower requirenent on the fluid clrevdation rate if the het- 
side teapersture and heat lead were to be maintained. 


the effect of high upesifie beat em tha ade weight, Woltzs, amd pouer 
requirement of tas cooling sysiex ip we G deares saging all of these itess. 
Therefore, it is likely to be the mest fmpertas 
ten's pamslty on the alreraft. 


tas premety affecting tho ays= 


Viscosity 


The viesesity ef the heat transfer fluid has a substantial Paria = 
the heat transfer coefficient ami upon the fristiers] pressure 
the eystes. In both cases a lew valus far ths viscosity is desis 
diseusssa previously, a bighur beat tranafer cosffisient fer tha fluid 
may bave relatively little effect upon the size ef the heat exshex 
cause ef tha probable controlling eff ect of the ultimate fluid. 


hot-side tesperature) with the seme seount of fluid sireulating in the aro- 
j 


c& fluids available and considered for this appliastion, ‘ “Eiteats es Less? | 
pumping power requirezonte on the aireraft are sbrieus 


Another lapertant consideration ie that ef the imerernes in vissesity 
of & fiuid at the extremely lew temperatures at whieh 4¢ is wecossary ts 
gusrantes perferuame of the systez. Am incrosse in viasealty bobresn 100 100? 
and -50°F by a facter ef 100 to 1000 is net umgeal. A aysten B 
ef «50°F at start-up is net umsual in seme regions. Comsoq 
which has a relatively miner viscosity ineraase in thie t 
parhape by a facter ef 10 te 50, must be chesen. Oth po and 
Prine movers for tte Systen mugt be tremendously ovundsa! gesd £@p thelp : 
negmal operating %& ae gel CSc i? oy QB ame SM 
ayctss for the Pinta must be peraitted. In mast eason, moither 
latter solutions ean be teleratad. 


Of relatively aincr iapertemes im the sslestden of a heat 
fluid is ite thermal bie saienAe ode the heat tarater 
for the Minid is, in part, dependant upen 4 normal eenductivity, in 
eases, and particularly with ade Bs | the wltinate coolant, this pre 
of nino inpertanse. Rewover, with encther liquid an the a ceaiast 
‘tho themmal ecndustivity of the trausfer fluid may bacees mer Ser iag 


ee 


High thermal sendustivity will tem to reduse heat exshanger ise and : 
Pressure drep. Tig may be of sigifiecanes in short tens debs | 


seoling capacity where the moet exshanger would aeser Labia | 
portion of the system weight and peeping peer. theme = 
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tivity should have little effect on ths penalty or airareft parforsanie in- 


Cosfficient of Bmangion 


Fluids having a small cce?fictont of capansicu are most desirable, rare 
ticularly for use in Large systems containing an appreciable quantity of 
Viqnia, The wader of Monid to ba contained must be auffialent to f111 all I: 
transfer Lines and haat exchangeys under tim loveat teaporature conditions os 
on the ground, Under operating conditions, iho temperature of the fluid may es 
be imoressad by 200° to 30°F which, if accompanied by a considerable yoluns 
change, nevessitates toe instaliation of one ar several expansion tanks. 
While larger density at the ays tem operating temperature may reduss the air~ ee 
craft penalty, as discussed before, a substantial increase of density at et 


posed by large centralined systens. ae 


minigta starting teaperawire is only disadvantageous since 4+ imrenses the .e 


waight and total, volume of the cooling ays tan. ee 


Strength 


Dielectric strength of tha heat transfer iluid is not important in nore 
mal applications except as accidental leakages a spillage causes the fluid 
%@ ote inte contact with electrics] c- elestrenie parts. The prevention 
ef this particular pesaibllity, however, seems to bo easily solvable by 
other techniques. 


. On the other hand, if the technique of cooling electrical and electronics 
| g@apoments by submerging then in the ecoling asdim becomen prevalent, then 
@ high value for tho dielectric strangth will be necessary. Thais trend 

i ghowld become more prevalent fer ioiividuslised systems because of ths many 

| edvantages that ean be renlised in respact to heat transfer and equipment, 


alaoe 

; Sortelte : 
Tho dangers of taxie liquide and vapors to perscunel 4s by definition ie 
| and probably needs no furthur discussion here, However, the degso of 2A 
toxicity is iaportant since many fluids, otherwise desirable, are mildly ea 
| tenie. The use of any fiuld having bad taxlcological properties should Be 


mot be considered. wt 


Stabllig 
The stability of a fluid selected for a use of thia wpe is of prizs es 


isportanse. The gua-forming tamlaneiss of Rydrecarbons are vail knewm and 

can be guarded against by proper design of equipment and by jediciloug use 
of additives or anti~cridents. Other compounds pelymerisa under sertsin 
eonditions farming plastic-like materials while still others decanposa w 
fora gages and carbonaceous deposits. : 
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fee pesaible diffiewlties are immediately apparent when wwtsbla can 
pounds are utilised. First, guue, pluetic-like materiala, and other de= 
posits can slog lines, jem pumps, or coat heat transfer surfacus. Secand, 
ths formation of gases can ceuse gas binding of pumpe and beat transfer an 
fases. In additien. extensive decomposition could cuuse serious depletion 
of the heat tranefer fluid. All of these possible effects are umieairabic 
and ayy ome could isad to fellure of the cooling systen. 


In same cases, the gaseous decomposition products are extremely tacie, 
The possible effects of this on personnel are immedistely apmarent. 


It is impertant that the cerresive properties of sash fluid be known, 
not only fer materiale within the syatem, but alse for thesa outsida whieh 
might be szposed because of Isakaga, spillage, etc. If the corrosive prep= 
extios of a fluid om many materisls ars voll known, it is nevally a atraight- 
fesward preseas te design preperly a aystes for its use. However, the etre 
rosive properties of many fluids are not well Imown and the designer thereby 
hes a serious preblea. 


When properties are imews, it becones a relatively simple prebles te 
determine the effect on weight, cest,. and performance of the cooling systen 
which is imposed by the requirement that certain metals or plasties be used 
with @ particular fluid. Again, it ia obvious that a nonccorrosive fluid 
for whieh the designer hae wide leeway in his selection of proper materials 
is the mest desirable. 
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SECTION iii 
HEAT TRMMSFER FLUIDS SUITABLE BELOY 30°F 


In this aection ths fivids are discussed which hay, Dean investigated 
and which gan be used for the appruxisats rang: from meer the freasing polat 


to O°F, Tha disouseions ani coupsrisons are wainiy on a qualitative basis. 


The fluide have beeu classified inte seven main groups. The peinsipal 
hagig for clagsification has been differences in the chemical compositions 
and not physical properties. The main groupe are ag follouss 


Aqgusous solutions 

Kydresarbens 

a. Fuels 

bo Lubricants and bydraulie fluids 
) Flverc-and shlero-hydrosarbons 
Oxygenated hydrocarbons 
) 


5 Water (referense flrid) 


Organis-inerganie coapsunds 
Silicensa 


In eash group the most promising Tluid was sslected and ie disenazed 
in detail, Ths density, speci'ic hast, viseosity. and thermal condustivity 
werd the main properties considered in evaluating the heat transfer propere 
ties of the fluid, Gther propartiag such ag boiling point, waper presstrs, 
flask point, and toxicity weve usec in considering tha overall. anitability 
@f the fluid for use dn aircraft ocvling eyatens. 


For the present application ef hest transfer fluids, a bigh density is 
desirable to obtain esall gystaa voluses ani low pumping power. A high 
apecific heat 1p needed for a emall cliroulation rete, mall aysten weight, 
aaall pumping power, snd a large beat transfer coefficient. A large thermal 
conductivity gives better neat transfer coefficlents. Small wluss of vise 
cosity are desired fo greatest heat transfer coefficients and lowest punp- 


dug power . 


Boiling point and vapor pressures were not voreidered in the selections 
in most cases since 1t was assumed that the heat transfer system would op=- 
wate under prcsaure. Differences in flash and fire points were alao not 
wed in the selections ag long as these values were high enough for ssfe ep- 
«ation, Differences in freesing points vere not appraised as leng as the 
freasing point was below -50°F except in the case of water which was uscd as 
a reference fluid. Fluids which are hignly texie or extremely corresiw - 
were disregarded. Coabustibility was not evaluated since Us majority & the 
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fluids are ozahustible +5 seas extent. Only thove fluids which are reasonably 


stable were aongidered in tha selection. 


fo make a final choice of a fluid ail the above physical reoparties 
would have to be examined in addition to such physical prorertics as pour 


ee ee 


point, dislavtric sonstant, effect on elastomers, and selubliity in water. 
Phe cherioal effects sush ag resstion with inpuritic:, water, air, gaselina, 
and sa@zrasion preducte showld alec be considered. 


Tha properties which are tabulated for each fluid were obtained frea 
comigreial. trade literatwe, journal references, textbooks, or reference 
beeks, Where data did not exist the important physical prenarties were es= 
tingted using the wetheds ef Sestion I. These properties are helling point, 
vapor prasgure, Tiagh point, fire point, freesing point, pow peint, Istant 
heat, density, specific heat, viscosity, tharsal conductivity, ecabustibilitr, 
eoxlcity, etability, carrcsiveness, and effect on slastemers. Where date on 


these iuportant properties are not given in the tables contained in this re= 


pert, either the data were not available or thay could not be estimated, 


Data on the less important properties were uot estimated when not avalle 
able, These are molecular weight, surface tension, refractive index, dislas= 
trie constant, color, odor, acidity, golubllitg, and foaming tendencies. 


Data on stability of fluide are very difficult to astimate. Tha accuracy 
and enifermity of the data on stabilig in the tables is net ag gcool aa deo 
eired, Thia is due te the inherent difficulties in estimating or determining 
experimentally the stability ef a fluid. In many cases the stabiliiy is de- 
termined by simply heating the liquid in an open beaker for eeveral hours and 
then examining the liquid fer desmposition. In this test ths decenposities 
gases eseapz and may hasten the breakdam of the liquid. A fluid which is. 
uastable in open air msy be relatively stable in a closed systea where Little 
air is present. Hence, it is difficult to translate the results of stability 
tests in an open syeten te a closad ayptes a wies veraa. 


In many casee tho stability data were cbtained fren commercial soursos 
and the exparimental sethede were not given. Where detailed stabllity atate- 
Rents sre listed, these data were obtained fran comercial souress without 
any experimental verification. 


In the property tables presented in this report, a dealgmation of good 
or excollent for stabliity seans that there is relatively no decesposition 
over the temperatura range indicated. Yery unstable fluids were not con 
sidered in thie study. 


fhe data on toxicity ef fluids are very difflewlt to ebtain exparivon- 
taldy and siao wary difficult to interpret. A substance may be toxic because 
of séveral reagona. Por exmaple, the material may be toxic whan in the aie 
and teanthed, or the absorption of the liquid or eas through the siin may 
cause tackle effects, 


It is important to note that the censentration of the substance, ths 
duration of exposure, and the frequoney of exposure te tha substance are the 
prise factors in determining if a substance has toxic effecta. In noat casas, 
a direst determination of the tazislty of a eubstanse on huaeng hag not been 
wade, Most of the data exe cbtainsd by expsrimentation on aniasis. Extra- 
polations are then made as to the effect on himans. At othar times, data 
have beon obtainad becauge ef accidental exposwre of humans te tomie materials. 
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(ised qualitative tarlelty data depend on so many varlablos thet it is oe 
ailing? to mis definite statezexts, In the property tables contaland in 
this renort, the designation mimtcxls intiestes thet the Liquid can be used 
as @ heat teanafer fluid with little danger to mens if the Liquide spiil 
er fumes arize. 


} 

| Dats on cerresion arc in tho same catesery as data an simbiliiy and 

| tandelty. Coed exparimental data sbteined wiler a variety of conditions ere 
@eakes. Th maiy eases ths Garcsivensss of a Bquid ts tested te teeortine 

| & test metal apsciaen into a heated besker of the Liquid. The reaulte may 
be entirely differsmt fren ths case whore tis Liguid and metal are tested 

wider flew conditions. Also, quail amounte of impurities often greatly afe 
feot results. In even aystems, gaseous deceaposition products escape which 
may cavre gerrenion in closed systeza. 


Hone, it can be seen that it is dirfiouls to state quantitatively the 
ewresivensas of liquids. In ths tables contained in thie report the state= 
erresive imdicates that the fluid 4s probably non-corrosive to 
metals gush as stec] and aluainus over the teaporature ranga indie 


Rent 


even grcups ef fluids established, the preverties of the moat 
aiging fluid in eash group are tabulated and diseussed in this section. 
epertina of the other fluids in each group which were studied are 
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Water is plsced in a seperate group by iteelf becanse of ite payeical 
properties which differ so widely from those of other fluids. Water is not 
entirely suitable ag an alroraft heat transfer fluid becanes ef its high 
freesing point of 32°F. 


Water ilu a good reference Mluid to be used as a basis of judging the 
auitability of other fluids as heat transfer ssdis. It has samy desirgble 
proper ties aps as a wary high thermal conductivity of reper Btu/hroft<~ 
(res) at 100° 7, a les visecsity of 0.68) esntipoiees (100°7), a high den- 

sity of 0.993 gus/eo (100°F), and a very high spscifie heat of 1.00 
Bta/Lb="F 7 '(100°P). Ite cerresiveness is not significant alnse many 
tors are available te reduce its corrosive action on aotaln. 


inbibl- 


Figure 1 shews a plet ef what is telieved to be the mest reliable dats 
for thermal conductivity of Nive different investignters. Tha data of Tarot 
appear to be quite insensistent with these ef other investigaters. The ether 
properties of water are listed in Table 6. 


Water is the superior heat transfer Claid, axsept fer ite high freesing 
point. Additives presently uged to lever the freosing point are discussed 
in this repert under the elaesifisation ef aqueeus solutions. Their preper 
ties are substantially inferier ta these ef water since thelr densities, : 
specific heate and themmal eonivetivities are lever and thalr vissesitios are 
EFeRtar . 


WANG FR SliokéAé L9 


STS SEE Ee Be eee 


ce ni ctl 


SITE | ee 


Phermal Conductivity, Btu par br-eq ft-(°F/ft) 


Figures 1, 


300 Te.) 


Temnerature, OF 


Thermal Conmtustivity of Water 
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Table 6. Proparties of Vater as a Referenoo Fluid 
1. Moleaular weight, 18.0 
2. Bolling point, 212°F at 760 mm Hg 
3. Flash point, nen 
yu. Fare point, nor 
5. Fressing point, 2° 
6. Four point, 2°? 


Ts 8. 9. 10. ae 2. 
Vapor latent Peusity Spacifie Viscosity Thermal cen= 
Temp. rear neat (1) heat (1) a geal (3) 
Z Cex 
ha mfg Btu/lb Qas/eo Btu/lb-"F poises 
2 1.792 
50 93 1066 0.999 1.00 1.308 
100 9 1097 0.993 1.00 0.68) 
150 193 1008 0.980 1.00 0.42 
200 597 978 0.963 1.60 0.305 
250 15h2 946 0.942 1.01 0.229 
300 3470 910 0.918 1.03 0.185 


13. Dieleotrie constant (4), 80 at 1x20" cycles/ace, 20°C 
1. Conbustibility, non-combustible 

1$. Toxieity, nen-toxie 

16. Stability, excellent over 600°? 


37. Cerresivemss, corrosive to mauy seteals 


18. Bffest on elastazors, little a no effect 


19. Spseifie references for this fluide 


(1) Keenan, d. He and Keyee, Fe Gos ti: } 
stem John Wiley and Sens, Ineo, B Wow (ee, IVb 

(2) | a ADS 9 Be Kea Heat Transaission, Ma Granedtil2, Book GGo5 Rew 

Tork, 1912, p. 07 


—o meena 


iu parenthesss refers to spacifis reference for fluid given in 
deen 19 ef this table. 


et ed 2 ates 
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(3) Riedel, leg Chen. Ing. Patric, Yel. 23, i951, Pre Ril. 65 
Guith, ¢. Fo, Trams. Am. foc. Mech. Bngrte, Vol. 58, 19%, 
Fo 719s 
foadoh, cd. Foy Ind. Wng. Chestoy Vol. 22, 1930, pe Leib; 
Murot, De Le and Yargattik, W. Be, J. tush, Pays. (USSR), 
Vol. 1, 196, peo 10533 


Yan Der Held, 3. F. Mo and Van Grunsn, F. 3., Faywlos, Yoh. 255 
' LI, p> 8655 - 


lm : = sad a4 = As) =. 2. 
DE AU GERH p Po Wey Bile AGGG. BLWS BG GO2e, Vode Loy W235 \ eens 


» Handbook Publishers, Inte» 


| (lh) Lange, H. 4., Handbook of Clas Intry 


20. Specific scaments on physical properticns 


a. Very high specific heat. 

bo Freesing point vary high. 

co. Very high thermal conductivity. 

do Values of thermani conductivity ebtained by plotting data of five 
investigaters. Data of Timrot at 32°F appoar to be exronsovaly 

tdgh. Do not extrapolate data in table beyon? 300°F eince data 

ae reach a peak, Seo Figure 1. 

ao Low viscosity. 

£. High density. 
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Group 2. Aqueova Solutions 


Yho Cluids listed in thin grow are mixtures each of which consists of 
& solution of water and a soluble organics liquid. Thess ares 


Water-metiyl alechol (45°F fr. pt.) 
Water-wethyl aleohol (-85°F fr. pt.) 
Wateraetirl alachol (=65°F fr. pt.) 
Water-ethrl aleohol (36° £¥o Bt) 
Hollingshead Carp. water-base fluid He 
Water-ethylons glycol (=65°F fr. pe.) 
Water-premplene glyeol (-65°F fr. pt.) 
Water-celluselve (-65°F fr. pto) 
Water=giyooriaa (<52°F fr. nt.) 


The data in Table 7 and in Appendix I eahew that in a1] eases the specifis 
heat end the thermal conductivity are redused markedly fron that of puro water 
ty ths addition of the arganie liquid to the water. The viscosity is always 
inorensed and in some cases by a lerge percentage. In somo solutions the den 
shy ig eligntly greater than that of water and in other aclutions the density 
4a less. 


SO Gd Ce Wap PN fed 
et acc Manat Mey Mat ay yt Mg A My 


fhe mest prewieing fluid in thia clase is the water=metiyl aleehol solu- 
tion freesing at <65°%, In this solution the density and the specific heat 
are about 10 te i5 parcent less, the viscosity about 50 percent greater, and 
the thereal conductivity about 50 percent lese than that of pure water. 


Tho water-cellugolve solution freasing at -65°F has physical properties 
for heat transfer fluids which are just as suiteble as those of wa thy) 
alcohol. However, evllusolve (ethyicne=glycel mono-ethyl ether) is not ap 
chemically stable ay metigy] alcohol and may fora paraxides especially with 
prolonged use or at high temperatures. Conseyventiy, the methyl aleohol- 
water solution is the eo presented as optimm for tits group whan scaly the 
heat transfer properties are congidered. The properties of this selutien 
are listed in Table 7. , 


The water-<methyl alechol solution has a bigh vapor peossure, a very lew 
flash point ef about 60°F, and is flemmable. If safety and non-flanmability 
are of parasiewt importance, then the water-ethylene glycol solution (Table 
22) ia recomended. It ia doubtful that thig solution will flagh, but if it 
doss, it showld occur considerably above 250°F, Also, it is quite likely 
that thie solution is non-combustible. The main drawback of thie solution 
when aesrared to water-motly) alcohol is ite high viscosity of 3.14 centle 
poises at 100°F amd over 500 at. 50°F. Thia shows a poor vigseosity<-taupera- 
tore index which might make it unsuitable for we in extremely cold eclimutes, 
wae ts poor stert—up characteristics. 


a ER RR TE 2 a A PN RR 
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fable 7. Peopertics of Water Methyl Alechol Solrtion Freesiig at 65°F 

8% 160% the density ef this solution ia 40 percent Jess than thot of 
puro water, tha specific hent fs 16 percent less, the viscosity is 9 per- 
cent grentar, and the thermal conductivity 42 b3 percent less. 


1. Cheateal oompteition, selution of 57 weight-percent matty] alcohol and 
bj porvent water 


2, Averagn molecular weigut, 2h.0 

3, Initial boiling point, 167°F at 760 =m Hg 
he Flesh point (1), about 60°F 

S, Preesing point, -65°F 


200 1500 
250 sh 
30 7250 


12. Coler, colericss 
lity (5), ceabustible 


1h. Torloity (5); texte 

15. Stability, stable to 300°F, no data above 200°P 
16. Cerroeivensss, sarrcaive but can be inhibited 
UW. Saladitiiy, soluble in water 


18. Effect on elestonars (6), some elastoxers such aa rubber swell 


wher in parentheses refera to specifie reference for fluid given do 
item 19 af this table. 

Sprwrapolated from data on water=-nethyi alcehol solutions of different 
essrositions. 


wt 
er 
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Table 7, contimed 


19, Specific references for this fluids 


(2) 


Sax, I. No, Handbook of Dange 
ing Corp., New f yok -)s 
Othmer, D. Fey Ind.” "Eng. ee Vol. 2, 29k, pe Sb. 
international Uritdenl. Tables, Hedraw-Hill Bock Coo, New York, 
Vole p Bs 
Perry’, 5, Hos Cha hemical Engineers Handbook, MeQrawelill Book Co., 
New fork, 1950, p. 
Riedel, Ley Chea, Ing. “Pech., Vol. 23s 1951, Bo L650 
Lager Ho. Ho and Fetter, EB. €., Chea. Eng., Yol. 43, 196, 

pe 108. 
Chin Chu, Niatillation Faviitbriu Data, Reinhold Publishing 
Compe, Kew oe 1950, pp. Lys 


20. Specific comments on physisal proper ticas 


yee soifie heat data extrapolated above 10u‘¥ an@ accuragy wacertain. 


h polat given is flash point ef pure aleohol, Flash point ef 
selution should be slightly higher. 


a 
a ite soca mate cane soi seasemaed 


Greuz 36 Yrdvoourbons 


In this group, a distinction is made between those hydrecexbons used 
as airoreft fuels and thosc used as pydraulic w iubrigsting oils. 


1. Fusls 


A total of three ledencerben liquid fucls were gtulied in thin 
sub-group. There fluids ere: 


1) Aviation fuel AN=F+58 
2) Jet fuel JP-y 
3) Jet fusl JP=3 


in ali onsos tha data im Table § and Appendix I shov thet for these 
hydrocarbon fuels the density is much less than that of water, the specific 
heat markedly less, the thermal conductivity very much less, and the viscosity 


slightly less. 


The most promising heat transfer fluid of the fuels is the aviation 
fuel. Ita properties are given in the following table. The differences be~ 
tween the aviation fuel and the JP-3 and | fuols are not significant. the 
chief difference is in the viscosity. A major dieadvantegs of tha aviation 
fuel ig ite low flash point of near O°F, Laver vapor pressure, and higher 
flash point make the JP-4 (Table 26) or JP-3 {Table 25) scumihat safer. 
However, their flash point of 65°F is sidll relatively low. 


Table 8. Proparties of Aviation Fuel AN-F-59 


At 100% the density of this liquid is 32 percent Jess than that of 
water , the apacific heat de 50 percent less, the viscosity is 9 percent 
less and the thermal conductivity is 76 parcent less. 


Ze Chemical composition, mixture of hydresarbons ranging fron 5 to 12 
eerpon ato 


2. Molegular weight (59°, 134 
3. Initdal bedling poimt (1), 13°F at 760 mma Bg 


ho Flash point (7), greater than oF 
S. Freesing point (1), <76°P 


&, Te 8. 9. 10. , Li. : 
Vapor Latent Densi Spocigie  Viscesity Thermal cen 
feup. pressure heat (2) (1 feet (1) (6) ductivity (1) 
Ch) (3) Centija ny - 
3 weig  Beuf/le Gao/ec Btv/ib-"F  poises fet (Pr/et) : 
~&G 082k 1.6% : 0.0901 
) S 0.803 0.439 0.826 0.0887 
50 123 155 0.781 Ook72 0.562 0.087%; 
100 Bo 152 0.760 0.505 OWI 0.0862 
159 50 Us 0.79 0.538 00330 0.0848 
200 2800 140 0.712 0.871 0.276 0.08% 
240 3S6 13% 0.685 0.60% 0.235 0.0822 
eS éos0 in 0.647 0.637 0.198 6.0808 
2. 
13. 
ds. Shility, highly combustible 


1S, Torleity, non-texrls when breathed in mzall anomts 


6. Stability, atuble to 300°F, In the presence of oxygen mum is form 
at mest tenperatwes unless atabilised by an anti SA%o 


l?. Gerresivensss, non-serrosive 


WB. Solubility, insoluble in water 


"Yenleer in perenthecus refers to epoctfic reference for fluid given dn 
item 20 of this tabi. 
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Table 8, continus*. 


19. Rffant on elastesera; nature] rubber wesulteble. Nesprena amd BOLUS 
synthatios ere suitable. | 
| 


20. Specific references for this Liquids 
1) Properties of Specification ARAF-58 Fuel. WADC, Memo MCREXP- 


5.08 dated 12/20/L8. 


(2) Maxwell, Jo Pe, Data Book on itrdrosarboug, D. Yan Nostrand Geos 
oot i a 
Gey a7dUy Po maze 
t3} Thide » Peo ° 
Tbide. pe hiso 


5) Ibid., Po 2he 
44 letter to We Robinson, 5/26/53, fron WADC, WCLES2. 


7) Dreisbach, Re t., ReY-T Reletionsl ss O 
Handbook Publivhers, ince, sandusky, Ohio, 


an 
(wo 
x 
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2, Lubeisants and Hyrdraulio Fluiis ~ 
The hydrecarbon fluids siwiied in this sub-group ere as follLowee 


1) Sheli Tellus 15 hydraulic fluid 
2) Texas Co. Airerafe hydraniis of] Aa 
ei Fenn State Kil~0-5606 

HYi—-0-6081 Grade 1010 jet engine lubricating ofl 
5) Standard O11 of Otio inivis Jas3 bydraulic Phuld 
6) Seceny-Yacum Meo] Aero kydraniie ofl HPA 


fhe preparties of these fluids are very siniler to those of the 
hydrocarbon fusis except that the viscosities of the lubricants and hydraulic 
fluids are several times grenter. 


Tha nost pose fluid in thia sub-group is the Pom State MII 
5606 fluid (fable 9). However, the MIL-0=608). grade 1010 jet engine lubri~ 
eating of] and the Shell Tellus 15 hydraulic fluid have heat transfer mroper= 
ties whish are quite similar te the Pomn State finid. The such lower vig~ 
cosities of kydrosarbon fusis makes thea more desirable heat transfer fluids 
than the lubricants and hydraulic fluids. The latter's larg: viscosities 
at vary ley temparature are particularly objectionable. The flash point of 
the Perm State MIi-0-5606 finid is 230°F which is considered to be high 
enough to male this fluid relatively safe, in addition to ite lev vapor pres- 
gure. 
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fable 9, Properties af Pant State MIL-0-5606 Mineral O41 


At 160°F the dsnzity of thie fiudd is 17 nercent less than that af 
E pore waver, tke spesifis haat is SO parcont laws, the viscosity ia 1730 
percont greater, and tho tharmal condustivity is 78 percent lens. 


i. Ghemleal cempesiiden, a arson Bpixture 

@, Malamiar weight (seo eemmants), 226 

3. Belling point (eae cemmunte), 190% at 760 ee He 
4. Flash pednt (1), 230°F 

5, Fire nedmt (1), 265% 

6, Freesing point (1), Belew -75°Y 

7. Pour poimt (1), Belew -75) 


8. 9. 10. i. 12, 13. 

. Vapor latent Dexeity Spescifle Viscosity Thermal con 

fon. pracaure heat (2) heat (1) (1) dvetivity (1) 

(1)* (kh) Genitin Bailie 
% Bye Gaa/eo tut"? potsen £42 r/tt) 

} ahG 0.88 0.hes** 616 0.082 

0 : 0.86 0.2):50 112 0.081 

) 9) Ineignifieant. 95.0 0.84 0.475 2703 0.080 
100 0.2 92.5 0.83 0.500 13.8 0.079 
150 0. 89.9 0.81 0.525 6.) 0.0775 ed 
200 3.0 oT of 0.79 0 550 4.27 0.076 : 
250 14.63 8) 2 0.77 0.575 3019 et 5 
B84) 3S 02 $1.2 0.75 0,600 2.55 0,07 : 
the Color, no data ra 
15. Ger, no dota a 
6, Cenbustibdlity (2), slight cambustidility (ses ecamnta) 3 


17. Poxleity (2), relatively non=texto 
18. Stability, stable to 300%, m0 data above 300°F ‘ut probably will fora 
gras 


COREE foe) 


*Reeber dn prrenthesean refera to specific reference for fluid given in 
Stee 23 of thie tabis, 

*oteapelated hy Cox chart. a 

ianelated ‘Linserly . : af 


¢ 
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Table 9, continued 
Carrosivensss (2), no dats but believed to be nop-<corresive 
Solubility (2), insoluble in water 


Bffect on alastonera (3), natural gubber generally not resistant. A 
very few synthetic rubbers acceptable. 


Foaming tendencies (1), hes foaming wmieny. Silicone sdditive cute 
down tenderer to foam. 


Specifie references for thig fluids 
(1) Letter te ¥. Robinson, 7/11/52, feoa Mo Re Fenske, Pome State 


Collage. 

(2) gaz, I. No, Ramdbook of Dangerous Materials, Reinhokd Publish 
ing Corpo, New York, 15 aa 

(3) Perry; Jo Hos & = 
Hey Yerek, Po LuZ2 o 

(b) OthneF » Do Fo; Ind. Engo Chesley, Vole 3, 190 Pe 8h. 


Specific ceamente on prysical properties: 


a. Molecular weight ascwsed to be that of mineral oil. 

b. Boiling point extrapolated frem vapor presaure data. 

c, Coubustibility, texielty, corrosivencse, and solubility asswmec 
te be that of a minsral oil. 
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Group). Flucroe ani Chicro-tiydrvcarbors 


The compounde in this groun are bariselly hydrocarbens 
a fluorine has been substituted for sae of the hydrogens. Soma of tha cas- 
pounds also contain some oxygen or nitrogen, Saae of these chemicals have 
been aynthegized recently and are rslotivsiy new. Some are also quite exe 
pensive at present but future large-scale production shovid reduce prices 


considerably. 


The sajority of the fluids are characteriasd by their high stability 
am non-inflemmability. Fluids in this ercup, csverad in this study, ares 


4n which shiorins 


1) Minmnesots Wining and Manufacturing Co. fluoroshsmical 0-75 
2) Miymerots Mining and Manufacturing Co, flucrochenical Kely3 


3) Freen-l3 
rf Freon-ii 
5) Hexachlerobutadiens 


ALL of the fluids have umsually high densities fras 50 to G5 percent 
greater than water and very law specific heats of shout one-fourth that of 
water. The densities are almost double ‘hose of hydrocarbons and tha speci- 
fic heats are about one-half those of hydrocarbons. The tharaal conductivi- 
ties are much leas than that of water and cligihtly less than these of hydro- 
carbons. The viscosities of sme of thaaa fluids are lesa than that of water 


and some heave viscosities greater than uster. 


The Rost prosiming heat transfer fluid in this group 4s the 0-75 flucro= 
chemical (fuble 16). The Freonell fluid has ainilar heat transfer properties 
but was not considered desirable beacause of its very low boiling point af 
Tho7%. Tha G75 fivid is non-flammable and should te quite safe as a haat 
transfer fluld in the present application. The low specific heat al the 
fluid showld prove objectionable frem the ayatem's standpoint. 


| 
| 
1 
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Manufantueineg Ca. Plucrostwmival 0-75 


Ghia fluid ia unique in thet it is thermally stable te 1100°F and non- 
embuetible, Tha fluid ia also characterised by a high density of 1.72 
gas/eo at 100°F end a very low pour point of -1U6°F. 

4 100°F the density of this Uiquid is 72 percent greater tnan that of 
yare water, the spacific heat is 74 parcent less, the viscosity is 61 psr- 
sent greater, and the thermal conductivity ia 82 percent legs. 


1. Chealeal ecaposition, coapletely fluerinated cyelic ether with the 
wapirieal formula CgPy60. 


2. Average molecular weight (1), h1é6 
30 Boiling point (1), 21k°F at 760 mm ig 
he Flash point (1), nomfiamable 


Se Pire point (1), non-flammable 


6. Fressing point (1), ~172°R 
7. Per point (1), al, 8°7 


8. Gao 10. Li. 2. 13. 
Vapor Latent Devsity Specific  Vissesity Thermal cop 
Temp. jrezaue heat (1) heat (1) (2) dustivity (1) 
(1)* (1)¢2} Centd= belle « 
bei ma Rg lb Qas/ec Btu/lb-"F poisea £e2(#/ee) 
BiG 1.98 es 
0 1.87 0.2h8 
50 40 43.6 1079 0.25) 
100 61 LO ob 17h 00260, 
150 22 B 2 1.64 0.266. 
200 Bol 1.258 6.271 
256 1560 a8 1.53 0.277. . 
308 69 xs Lok8 0.283" 


Ae ae ee 


Mmbor in parentheses refers to specific reference for finda giver in 
4tem 26 of this table. 

Mpatinnted, peo comnts. 
he me BROF 


a 


15. 


27 « 


Table 10, eontimmed 


Swrfece tension (1), OF Tynes /wa 
a) 15 2 

Refractive index (1), oe Value 
Tt 1.276 

Dielectric constant at 100 opeles/acs (33, be Yalua 
Tf 1.85 


Color (1), cclorisas 

Oder (1), odorless 

Combustibility (1), non-coabustible 

Toxicity (1), no texte uffects observed as yat 

Stability (1), thermally stable to 1100 

Cerrosiveresa (1), dese not correds metal: up te S78%> WE 
Solubility (1), insoluble 4 water 


Effect on olantezers (1), does not appear to have much effect at, 
cedimry wmperatures 


Specific references for thia fluids 


(1) Bulletin fron Mimesota Mining and Mamfacturing Company, 
St. Paul, Mimmearts, 
(2) Othmer, D. Poy Ind. Eng. Chem., Vol. B, 190, p. Bi. 


Spseifie comments on physical properties: 


& The thermal conductivity has a vary large temperature ecefficlant, 
This should be investigated furthe, 

bd. Thea temperature covfficient of the specific heat wes assuzed the 
gaze ag fiuorochsaical H-l3 of Minnesota Mining and Mamfacturing 
Coapany. This temperaturs coefficlant of Nelj3 was obtained ate 
perimentally by J. Fisher, The Onis Stste Univereity, Chanteal 
Engingaring Laboratories, Columbus, Ohio. Experimental data 
should bea obtained for fluid 0-75. 
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In thia group the compounds are also basically hydrocarbons but son= 
tala exygen as a hydroxyl linimge, ester linkage, ether linkags, cr sce 
gimiler type of linkage. 


the fluids are characterined by quite high belling potats (all over 
365°) and densities near that of water. Tha specifie heats and thermal 
eondvetivities are very mush Jess than that of water but mailer to these 
of iedecsarbens. The visnosities are quite ish and range fron 1) to 63 
timan that ef water, The flash pointe are quite high, being over 220°. 


The fluids whieh were considered in this group ares 


1) Rolm and Hass Co. alipnmatie disater Flexel 201 
Pem State MIt~-1-46387 aepnthetis estar base 
Fropylem glysel 

i.) Carbide and Carbon Corp. User 50-28-280-% 

5) Garbide end Carbon Corp. Veen IB 0<2 


ean PD 


Poxe propylene glycol (fable 11) ie the mest promising fluid in this 
geomp. It bas a vary high spooific heat of 0.62) Bta/ib-"F at 100°F, eas- 
pared te that of the other oxygemted coarbona of about 0.5 Bta/lb-F. 
The viseesity ef 20.3 contipoises (100°) da quite high. Thg viscosity 
also increases tc a very large value ef 180 centipoises at O'F which might 


cause startoup difficulties. The flash peint of 225°F appoars adequate 
for safety perposos. Tho lew vapor pressure of the fluid is desirable alse. 


yy 


ee 


fable 11. Prepartios of Propyiens Glycol 

At 160°Y the dswstty of this ligudd ds h peveont grester bisa that af 
water, the specific heat is 38 percent sss, the viscosity 1s 300) percent 
greater and ths thermal conductivity ig 66 parcant leas. 
1. Chamleel ooxpeaition (1), C2Hg(OH), 
2. Meleowlar weight, 74.1 
3. Bedling point (1)", 369°F at 760 am lig 
he Plagh pedst (3), 225°r 


5S. Firwenlng point (i) (eatiaated), appraciastety -194"P 


T. 8, 9. 10. ile 

latent Denci a@pecifis Visscsl Themsel eon= 

Tempe heat (1) beet (1) (1) ductivity (2 

" (2)** Centie es 

at. Bro/Jb Qes/og Btu/Ib-F _—poises f £t 

0 Ley = 0.513 fis 0.143" 
0 i 056?" 0.550 4807 0.450 
5% ee 1.045 0.587 75.5 0.129 
10 1.02), 0.62h 20.3 Q.121 

150 1.007 0,661 8.8 0. 

200 433 0.98 0.698 52 0.106 

250 2 0.962% 0.7% 306"* 0.098** 

300 0 5940" 0.772 2.8%" 0.090"* 


12. Coler (3), clear, water shite 

13. Oder (3), no oder 

U,. Geabnstibility (5), s flesmeble liquid and a moderate fire hasard 
1s Pexlelty (3), non-toxic 

16. Stability (3), stable to 300°, re deta above 300° 

37, Corrosivenses (3), practioally non<corresive 

18, Selubility (3), caapletely eclubls in water and alonhel 


*Humber in perontheses refers to spacific referensa for fluid given in 
Stem 20 of this table. 
#*nstimated by method of Other. 
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Table 11, continued 


Ig. Effect on elastomers (3), rubbex suitable 


20. Specific references for this fluid: 


(1) 


Booklet on Giycols; published by Carbide and Carbon Ghemizaig 
Gorporation, i9l7. 

Othner 5. Pes ini. Eng. Chem. Vol. 2, 19h0, Po 891, 
Booklet on Celanese Organic Chemicals, Celanese Corporation of 
America, No Yo 

dager G. F. and Huffman, Ho, J. Phys. Chem., Vol. 31, 1927, 
Po 1 ry 

Sax, N. Io. Handbook of Dangerous Materials, Reinhold Publish- 


21. Specific conmente on physical proportions 


&. There is no definite freesing point since a glass ia formed, the 


De 


transition region being between -16,°F and -163°F. The softening 
temperature ig -126°F, The value of ~126°F whieh is considered 
safe ie well below ide minkwus temperature (-65°F) set in this 


study . 
latent heat estimated by method of Othear. 
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Ths compounds in this group are cenbinattons of hydrocarbons ami ine 


organic compounds. They are olther aliphatic allicates or phcsnhater con= 
bined with hydrocarbons. 

Ths fluids are quite similar to tha hydrocarbons in mam of their 
phersioal, nronarties. However, the boiling points are all over 400%. The 
fluids in this group are: 


| 
| 
i 
ganio-(nox ganic Canpounds | | 


1) John B. Plerce Toundation amyl silicate HT~1,0 
dehn B. Plewne Frurdation isobutyleisopropy] silicate 

3) Qronite Chemicals Co. aliphatic silicate eater Orsil Br@l 

h) Celanese Carp. trieresyl phosphate Lindol HY 


The fluid selected as one of the most promising in thie group is the 
ischbutyleisopropyl silicate (Table 12}. Its properties are very close to 
these of hydrocarbons. The properties of the amyl silicate are similer to 
those of the isobutylelsopropy] silicate. 


The flash point af the isobutyl-isoprepyl silicate is 170°F whinh is 
alagatiy lov for safety purposes, although ite vapor pressure is los. If 
& fluld ie required with » higher flash point and very lew vapor pressure, 
then the Orsil BFel fluid (Teble 2) should be used. This Cluid fisshes 
at 295° and kas 2 fire point of LSO% which 4s quite safe. However, the 
visoonity of this fluid of 380 centipoises at ~50°F 48 quite high ami lts 
apeciiie heat and thermal conductivity aro lower, 


eas 
oes 
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Table 12. Prope 


rties of John B. Plarce Foundation 


‘7 At 100°F the density of this liguia is 13 percent less than that of 
water, the specific hest is 53 percent less, the viscosity is 97 percent 
groster, ami the thermal conductivity is 83 percent less. 

1. Cheaies] ecmpesition (1)", lacbutrl-isopropy] silicate 
2. Molecular weight (1), 287 
3. BodLing point (1), )25°F at 760 mm He 

lh, Flash point (1), 170°F 
5. Firs point (1), 160° 
6 Pour point (1), less than -1l00°F 


a 
ey 
' 
3 ttt ete them te ttn mnie eSasinnenie 


I (- 8. 9. 10. tis 2. 
Vaper latent Density Spesifie Viscosity Thermal con. 
Texp. roe ot (3) haat (1) @) auctaray (1) 
z Gentie . 
& mig Btylb Gas/ao Btufle-F poiese e2Or/e) 
50 0.942 056 15,1 | | 
O lees than 1 ma, 0.917 Ook60 4.60 0.0455 
50 lees than 1 om 0.692 0.463 2.26 0.0639 
100 2h Ces- = 0.867 Ook? 3 1.34 0.062), 
156 305 rants 0.82 Oou92 0.91 0.0629 
ait #4 260 31.5 0.817 0.522 0.67 0.0633 
250 l2 0.792 0.565 0.518 8.0856 
300 99 0.767 0.607 Obi . 0.0680 
13. Ceeffietent af axpanaion, "F —- Goeffietant | 
0-200 5 Baio S/%p 
Uy. Refractive inde, op Value 
. 77 1,392 


1S. Guler (1), colarless 
16. Oder (1), mild and pleasant a 


“Washer in parentheses refere to specific refarence fur fluid given in 
: itea 2 ef this table. 
: HO AG@ments. 


é Sp rtrapolated Linearly. . 
{ 
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Table l2, cantinusd 


l?. Cosbustibility (1), canbustibls 


16, Torleliy (1), non-taxte on axposure to fuzss 
em tn anne 


19. Stability, no data but hbelieyad atable to ™0°F 


Corrosivences (1), not corrosive to farruus matala, coppst, and copper 


alloys, slightiy corroziva to aluainun 


21. Acidity (1), none 
22, Solubility (1), insoluble in water, soluble in nydrocarbons 


23. Effect on slasta@urs, no date 


2h. Specific references for this fluid: 


(1) Letter to W. Robinson, 8/8/52, fran John B. Plereo Fourdation, 


Raritan, Ne J. 
(2) Othmer, D. Fo, Ind. Eng. Chen., Vol. 32, 1940, pe Bhi. 


25. Specific camsnts on phycical propartiess 


a. Very low pou point. 

b. Temperature effect on thermal conductivity very wld gine it 
appears to reach a minimum at 100°F. Hors data should be ot 
tained, 

Latent heat data as estimated by Other method are very high 


Co 
and appear incorrect. Data should be obtained on this. 


ond 
D> 
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Group 7. Silicones 


The compounds known as the sliicones are aimilay 40 hydrocarbons. The 
densities are near that of water but the epecific heats are quite lav, being 
aven leas than those of kgdrecarbons. The thermal conduativities are similer 
te the vwaluss fa@ hydrocarbons. 


the viseosities of these compounds are much greater than that of water, 
but the fluids are essentielly non-volatile, and the flash painta are over 
20°F. The fluide in chis group, covered in this study, ares 


1) DeweGorning Silicens DO-200 
2) Dow-<Corning Silicone DC-510 
3) Dew=-Cerning Silicone DG=550 


phe mest preaisihg fluid is the ailicone DC-200 (Tuwble 13) because of 
4%a low viscosity ceapared to the other silicones. The fluld is relatively 
non-haserdeus since ite flash point is 325°F. 


the PC<200 fluid having a vissoslty of 10 centistokes was asleetad for 
this stady. Other 00-200 fluida heving viscosities much lower (dawn to 
1 eentistake at 25°C) are available. However, these fluids have much lower 
flash points which may be unsuiteble for use in the preeent case. Also, te 
belling pointe are considerably lower. If these lover viscosity fluids are 
considered, they cospare favorably with the flucro- and chlere=hydresarbens 
Geoup ho However, they are considerably less stable than the flucrocarbens. 


dt 
ee 
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Table 13. Freperties af Dow Cerniag Co. 00-200 Silicon: Fluid 
(10 Gontiatekes Tiscosity et 28s) 


At 100°F the dwarity of this fluid 4s 7 pasvent, lever than that of pare 
water, the apenific beat ia S64 percent lass, ths viscosity ie 965 percent 
greater, mid the theseal conductivity 1s 79 percent leas. 

1. Cheadenl semposition, dimethyipolysilemrs 

2. Molecular weight (1)", unimown 

3. Bodling point (1), greater than 509°F at 760 mm Hg 
4k, Flash point (1), 325°F 


5. Freesing point (i), <85°F 


6. io 8. 9. 10. i; 

Vaper latent Density Specific Visccaity Thermal con= 

Teep, pressura heat (2) haat (2) (2) ductivity (1) 

(1) Centie B wah = 

melg © Btu/ib Qes/oo = Btu/2t"P = poten «= St“ (h/t) 
50 1.0007" = 9.326""* =. 7}, HE 0.0826 
0 0.013 Sea 0.967%" 0.330 25.6 0.084 
50 0.006 cee «= «09ST 0,335 13h 0.0789 
100 0.064 med 0.926%" 0.340 7023 0.0773 
150 0.140 0.9007" =o, Hh, 4,068 0.0757 
200 0.80 0.871"** = 0.3119 3.27 0.071 
250 0.850 0.65 0035s = 2 i? 0.0725 
300 2015 0.816 0.355% 1.96 0.0709 


2. Coler (2), waterewhite 

43. Gaer, no data 

U;. Conbustibility (2), slight conbustibility 
15. Texlelty (2), non-tarie 


16. Stability (2), good stability to L00°r, mary tines mors stable than 
that of mest argnnie fluids. May gel in adr after 3) days ai 700°C. 


Suber in parentheses refera to specific reference for fluid given in 


ee 20 of this tabls. 
Extwapolated r SS Cox chart anc belling point at 1 atmospherc. 
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Table 13, continued 


osrosivensas (2}, non-corrosive to netala 


C3 


Solubility (2), insoluble in water, soluble in benszane, gasoline, 
kerogens, chlerofam, ete. 


Effect on elastomers (1), tends te leach plasticiser frou rubber 
stocks causing than to shrink 


Specific references for this fluids 


(1) Letter to Christie J. Geankeplis, 3/2h/53, from Dew Corning 
Corporation, Cleveland, Ohie. 

(2) Dew Corning Silicone Notebook, Reference Ne. 2063, ismed 
Jun 1952. 


Specific coamenta on phyeical properties: 


a. This fluid is practically non-volatile and has no bedding 
point. Due te lack of melecuwlar weight and boiling point data, 
valuss seamot be estimated. Latent heet at belling polat is . 
Zl, Btu/lb. 
bo Thermal conductivity calewlated fren equation where 


Ke, = 000328 ~ 2.22 x 1077 ¢ % 
Be Bees (o/em) 


i 
i 
‘ 
a ) 


ever el Cosparteon. of Groupe 2 tot % 
In Table 1, the ranges of the veluas of the more important physical 


properties in seach group are given to illustrate the variation within a : 
group and the variation between groups. 
{ 


Table Uh. Renges of Piryaical Properties of Seven Groups ef Fluide at 100°F 


| Noe a eemuummaanmnminmemnemmmaidemraammlenimummamemecememmmnice ean TE Ree ect Rm RO Ae 


Specific Thermal 
Group Donslty haat vee en Ge Viscosity 
| Btu/breft 
fhe Qas/ce Btu/lb="F (°p/zt) Centipoises 
| 1. Water 0.993 1.00 0.361 0.68 : 
2. Aqueous solutions 0.62=1.17 Oo71—0.8) 0,.119=0.232 0.981) 9 ! 
3. Rydrocarbons 
} Bo Fuels 0.75+0.76 0.50-C.51 0.086=0..087 642-0 ,68 


b. Lubricants and : 
hydraulic fluids 0.83-0.86 O.6—0.50 0.6% Ge) ,079 8,512.7 { 


lL. Fluore= and chloro» 
; hydrocarbons L.5=1.85 0.2020.28  0.051-0.069 0, 38-306 


5. Onygonsted hwiro= 
carbons 


0.901 .02 0.42<0,62 0,062=0,121 Ly 1-63.25 " 
' 6. Organie~inor ganic ) 
\ eempounds 6.87=1.15 0. 39=00h7 0,062-0.073 1.22.3 

7. siliconoe” Q.9F1607 030.38 9.077-0.090 7-2-0 


nd 4-060 Silicone fluids are available having viscusities caaparable to 
Greup but their flash points are relatively le. 


fable 1 showa that the variations within a group are gererally quite 
gaall except for viscosity. However, the variation of thermal conductivity 
dn the equecus solution 1s over 100 percent. This is expected since the 
thermal conductivity of an aqueous solution depends almost djrectly on the 
percentages of the organic liquid added’ to the water. 


The vhecosity ranys within each ero is quite lavgs. Additions of 
small momts of blending agents often have marked effects on the viscosLhy 
of the resultant solution, 


LOPS ITE Ae een ee 


In studying the variations bet#een groups it i= very Wvident that water 
ie markedly esuperier to all the other six groups. The extremely high thermal 
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eonduntivity and high specific haat are mainly responsible. 


It ig daffiewlt to rate the other groups in an exact cedar aftor vater 
because of the combined effects ef the various properties. However, when 
prizary importance is aselgned first to high specific heat and tnen also to 
lew viaevaity, it is evident thet Group 2, aqueous selutions, is more de- 
sirable for heat transfex uysteas than the remaining five. On the sama baq- 
sis, Group 3a, hydteonarben fuels, appears next beat. Then, Group 6, incr 
ganie-organia compounda and Groun %, hydrecarbon lubricamts and hydraulic 
fluids, showls rank similarly, the former having slightly lower specific 
hata, but appreciably iqer minimus vissosities. Next beat should be 
Groups 5 and , with the latter soesuhat inferior because of tha very low 
specific heat, although compensated for partly by very low visceeley. Ths 
least desirable should be Group 7, having next to the lowsst specific heate, 
and ales very appreciable vascositins. 


The properties of a mebar of other fluids were examined. Far various 
geasons these fluids were deqmed unsuitable for use as heat transfer Fluide. 
fhese fluids are discussed below, 


i. Mou 


santo Chenieal Company Aroslers 


There are a musber of chierinated bi-~pheny] and chicrinated poly- . 
phomyls called Arceler sempounds, Although suitable froa a safety stende 
point, thay have other undesirable features which sliminats the: from fwe 
ther coasideration. Arcelor 128 has a flash point of 380°F but 42 none 
{lemesble. sreclor 125) ie inflesxsble. Arecler 1242 flashes at %50°F and 
has a fire point of 623°F, The objestionable characteristic of these fluids 
1s their high powr point vhich de 20°F for the 12h8 fluid ami 50° fer tho 
125), fluid. Thees fluids also attack rubber and neoprens. 


The fluid ie quite auitable in many respacts but has a freesing 
point of 54°F, 


3. Other Mineral Oils or Rydresarbon Olle 


Many other mineral er hydrevarbon oils are available but thelr 
properties sre so slailar te the fluids presented in Group 3 (Tables 9, 
28.385 that they were not studied in dstall for this reason. 


hk, Preem-21, Freom-12, Freen-22, and Freon), 


Other Freons such as Freom-2i, ~12, =22, and 11) have properties 
siniler to Freon-113 ami ~11 whose properties are givwn in Tables 3) and 28. 
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of the other Freons make them lese desirable fur tha present iss. Froonetl 
boils at the low temparature of 18°F. Freen-12 and =22 both boii at a tem= 
peratwra considerably below OF. Freon-1l) boils at 38°F. 


respectively, Howsver, the higher vapor pressuses and lever beliing polite | 
5. Trichlorcbansena | 


This diquid has no flash point but it freesar at the high temperae 
ture of SO°F. Hense, 14 de unsuitable es ary a mmber of the other chlarie 
nated aromatics. | 


6. Ethers 
The ethers generally have beat transfer properties similar to the 


oxygenated hydrocarbons of Group 5. However, these coapcunds have a strong 
tendency to react to form peroxides which say create an explosion hasard. 
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SECTION IY 


HFAT TRANSTE: FLUIDS FOR HIGH TEMPERATURES (300° ¢6 600°} 


fhe presentation in the preceding Section XII is conserned with fluids 
whieh can be used primarily below 200"F. If it is desired to operate the 
heat transfer aysten even for relatively short intervals at tenperataren 


above 300° and possibly even up to 600°F, the mmbar of fluids available is 
severely Linited. 


Mest of the fluids beeme chemically wistable at temperatures above 
ROOF and below 600%. The follering nine fluids have beon fowl to be sta~ 
ble and useful above 300%, 


i) Water (reforense fluid), stable well ever 600° 


2 meet alain and Manufaeturing flucreshaaies] 0-75, stable we 
te 1100 
3) Minnesota Mining and Manufacturing fluorechoaieal Nel}, stable zp 


te 900 
Dow-Corring Silicem DC-550 fivid, stable wp ta 500°F oe 
Dow-Cerning Silicons D¢~-200 fluid, stable up to 00°F 
Dew-Corning Siileens b¢-510 fluid, stable up to k0O°P 
Carbide and Caxben Ueon 50-HB-250-2 fluid, stable up to S00°F 

Carbide and Carbon Ucen IB-30-X fluid, stable up to 500°P 


Crenite Chemicals Aliphatde Orthosilicate Ester Orsil RF] fluid, 
stable up 500°. 


Puysleal properties for these bigh-temparature fluids are tabulated. and 
eengidered in detail only for the most useful and japortant ef the above nino 
fluids. These are water, flucreshemieal 0-75, flucrechenieal, il 3, Usex 
S0=HB<240-2, and Silicone 10-50. The Silieoses NC-200 end DO-510 were not 
eonsidered in detail since they are only useful up to about ODF, Date for 
the Ucen LB=30=E were not ebtainad in detail sinse its properties are vary 
similar to the Useon 50-HB-280-%, The date for Orsil BF=1 fluid were nos 
Considered singe the ia not sufficient information to insure that the 
fluid is stable up to the 500°F limit stated, 


Mest of the fig properties were estimated or extrapolated for tam= 
Peratwes abere (OF. Theae physical, Property values are only very appracic 
mete and should be wed only in a qualitative and not quantitative mamer, 
However, the values for water are quite accurats. 


As in the low teaperature atudies, water (fable 15) is the mest prome 
ising fluid for texperatures ever 300° and ig shovn mainly fer raferense 

Purpeses, The main cent of water is ite high vapor preadura, reach= 
ing Jbl ibe /oq in.abs, et 600'F. its apscdfic heat insressas to 1.55 
Btu/ib-'F at 600°F and ite theruel conductivity drops only slightly. It 4s ! 
stili undesirable because of ite high freasing point, 
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Bildneas flndd DC-550 or the Vaos er eatne finiad yould 
Flwidg in thie olanel fication ether than water heve their 


dated in Appoxdix It. 


fable 15. Water at Hiph Teaporatiuces 
2. Boiling point, 212°¥ at 760 ma He 


Be ah point, mou-flammable 
4, &. é, re 
Vaper Nami Armoaifie Viscoslty 
fexe, yressere (i) heat (1) (1) 
(3) Centi= 
2 yee = Gagfoo, Btuy/Ab-"F —postne 
he AY 0.9179 2.03 0.285 
2h7 03 0,860 1.08 0.139 
bt) 680.8 0.785 o2f 0.108 
600 1WSL2 oF 0,479 Los 0.066 


dianid dg required at high teaparatures, the 


harvu t6 be used. 
Pronertios tabu= 


cD 
% 


Theraal ses 
dustivity (2) 
Bta/hr = 


Bis [tt) 
0.397 
0. 38h 
6. 25h 
0.298 


9, Stadility, very stable at least to 600°F and prctably higher 


10. Gpecifice refeorensss fer thla fluids 


=] 
Clb 
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SSCTICN V 
EFFECT OF HE8a? TRANSFER FLUIDG ON COOLING SYSTEY PENALTY 


by 
W. Robinson, W. E. Rrauga and Kk. G. Hornung 


The purpose of this saction is to mesent quantitative information on 
hes the choice of the wat transfer fiuid may affect the alreraft gross 
weight attributable to an equipment cooling system containing a liguid dis— 
tribution aystes. This information is intemied to provide the basis far a 
more definitive preferential elassification of the various groups of fluids 
set forth im Seation II, 


the choise of the heat transfer fluid showld affect the alruraft penalty 
caused by a cooling system in different degrees, dezending on the type of the 
wuitimate heat rejection process eaployed. If a system ieposes an appres 
porslty in providing tha ultimate heat gink, little relavive chang 
ayaten penalty should result by designing : 
even if their phyaical properties difter espresiably . For ¢ OMEABLS this 
should be the case for syetene which utilise engine blesd ae ‘and far gyotens 
which utilize an expendabile ultimate coolant and operate for several Acts. 
Systems imposing an inherently gual penalty in providing an ultimate heat 
sink should be more appreciably affected by the choise of the heat transfer 
fluid, This shovld apply, for axcemple, to ram alr aysteas eparating at sub= 
sonic or low supersonic flight speed. fuel cesling systems, and expendable 
seoling systems designed for very short operating edn 6 For the comparison 
of fluids in respect to alroraft penalty, it is desirable to determine tha 
greatest differences that are likely to occur. A means to do go ig to deter= 
ming the characteristies of expendable ccoling gyatezs, designed for ainiaum 
penalty and containing practically no expendable fiuid, i.e., tha operating 
time is extrenely shert. 


Nowenslaturo 
the fsll@ving symbols are used in this section for the abbreviation of 
conespts used in the dissussicn and the illustrations. 
Sysho} Gongept ! 
Og heat exchange effectiveness of equipment, dimonsioniens 
ere heat sxchangs effectiveness of tranufer-fluid side ef intermediate 
heat sxchanger, dimengionless 
le ecoling capacity, kilewatts 
length of distribution line, feet 
flight Mach number, dimensienless 
Tey tsaperature of equipment eurface, F 
Ti temperature of expendable coolant, °F 
=, tetul som aly temperature, oP 
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Wy weight af expamlaile coolant, povivis 
: referane fuel-to-gross weight ratio of aircraft, dimensionless 
Afyyg temperatura difference between heat exchanger surface and boiling 
expeniabls coolant, 
Allg gross weight incresse of aircraft due to installation of cooling 
system, poumia 


Maximal effects of heat transfer fiuid properties on characteristics 
of digtribution and intermediate heat exchange canponents can he indicated 
by G@mparing the optamim bees weights of sxzpemiable cooling syateas designed 
foe different transfer fluids. The base weight of aa expendable cooling sys< 
tom includes (1) the weight of the fluid distribution lines, (2) the weight 
of the intermediate iwat exchanger between the tramfer fluid and the exe 
pendable coolant, (3) the waisht of the transfer fiuid eiroulating puap and 
its powex supply system, aud (4) the effect of the increese in fuel flow to 
the powerplant aquined to maintain a constaqt thrust, while shaft paw is 
extravtwa for conversion into transfer fluid punsing power, When the welght 
of the ultimate canpanant of ths ayetem, 1.¢., the weight af the expendsble 
coolant, its containar, ete., are added to ths bage weight, and the sum is 
divided by (1 = Inge), where Kpoe is the ratio of the fuel load to the groz 
weight of the aircraft before installation of the cooling system, the gress 
woight inerease of the aircraft due to the entire cocling system is deter= 
mined, Onvicusly, the greatast effect of the heat marie Hausid ia obtained 
if the weight of the ultimate component is negligible, 1o.e., if the operatiny 
time of the aysten is very short, Thon, the fluid camparisen can be made on 
the basis of the base weights alons. 


another foature of the expendable cooling system which emphasises the 
effect of heat tranefer fluid propsrties is that the heat transfer coeffi- 
elont en the aide of the heat exchanger surface in contact with the expemi~ 
ablo coolam is very high since balling cccurs. Therefore, the predaninant 
resistance to heat transfer would be on the transfer fluid side and would 
coutrol the optimm sise of the heat exchanger. 


The optimum design of the aystes for any transfer fluid, at given op= 
arating conditions, cooling capacity and system length, is obtained whan the 
syetes base weight 1s &@ alnimua. As the surface of the heat exchanger 4a in= 
creased, its temperature rise above the bediling point of the axrpendsbls enole 
ant ip decreased. ‘hererore, the heat transfer fluid eireulation rate may be 
redused in order that a desired equipment temperatwre be maintained. Thus, 
with an insraase in heat exchanger weight goes a decrease in distribution 
line weight and puaping pover requirements. For optiium design, the reapece- 
tive rates of increase and decrease of gross weight resulting fron thoes 
variations mist be equal and balance each other. The minimm system base 
weignt can be defined in terms of the optimum temperature difference, ATry, 
between the evaporating nitimate coolant and ihe heat trenefor surfaces, 
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since, for a given evaporation tompuraturs, tha heat transfer eoefficient 
for submerged bolling is also a fwection c€& ATyy. 
The characteristics of a gyatem of kn@m length can tbe determinad for 
a given evaporation temperature, Ty, aml equipwent temperature, Tee, by 
specifying the ultimate temparature differense, ATIUs the hee, exchenge ef= 
' foutivensas on the transfer Tluid side of is heat exchanger, <j,, smi the | 
heat exchanges effectivencsa af the equipment, ep. Tho weight of the haat 
anger ig defined solely ty af The transfer Tluld flew rate depends 
se all specified quantities and Aa toversely proportional to the specific | 
best of the transfer fluid. Ths diaseter of the tranefor fluid Zins is ep- 
@ieised by minimising the combined alreraft gross weight increase dus ta { 
(1) the weight ef the trmefer ling and (2) the weight of the power supply 
eysten and ths grosa wolght effect due te inereasa in fuel consumption reo 
2 - @ulting fron atelt paver ettwaction frea the powerplant, required to supply 
the paaping power for souveying the tramfor Twi thrcagh the dis trim tion 
a sepply aysics weight and inerease in 
fas sonauaptien ef the powerpleat aro deternined by the flew rate and the 
goa ef the fluid pressure dreps through the transfer line ami the baat exe 
ohanger, Thus, together with tha weight of the bat exchanger, the aysten 
base weight ig defined for the specified ATi). For any set of design con= 
nk Gitions, the syste: of least dase weight pa found by designing for dif= 
ferent values ef Af As previcusly mentioned, the weight of the haat az- 
| : shanmer decreasas with, inoasing aon while ths fluid flow rate increasgs. { 
| 


fhe pumping power, the weight of the distribution system and the weight of 

the power supply system alee increase with thy fluid flow rate. Consequently, 
an optizu ATyy and a corresponding optimum sise ef the haat exchanger can 
alyays be found. However, in belling heat transfer from submerged surfaces 
there ig for every fluid at a given pressure a value of ATyy at which maxie 
mun heat flux fren the heat exchanger surface would be ob e Greater 
teaperature differences would redues the heat flux and, therefore, this tam- 
peratare difference should bs eonsidered as a limiting value. At greater 
taperatura differences, net only tha flew rate, pumping pover, eta. would 
insrease but alse the woight ef the heat exshanger. 


OR San EEE pe tte 


i. Metheds of Analysis end Range of Data 


cc te ee ee 


Details of the methods af anaiysia for the ealeulation of the bage 

weight of expendable cooling syatens will be presented in a future repert™ 

dealing with the eharacteristies of various types of aircraft eyuipmsnt cool- 

ing eyatems, It is fait that ths purposes of tha present report vould be 

served best by the presentation ef a sumary ef regults obtained in the 
- evaluation of the effects of transfer fluid prepertias in gereral and of 
apselfis fiuids, representstive ef the groups distinguished in Section III, 
when widlised in tds qyeten. : 


in the fallewing, are prenented typical data fear optim syria dew 
eigns wing water beiling at 100°? (62,000 feot altitudo) as tha expandable 


[a 
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fluid, The salevlated results are bastd on a system cooling cevacity cf 
25 kilowatts. Ona unit basis, thay shculd bs eonaidered reuresentative of 
a range of cooling capacities froa 15 to hO kilowatts. Tho atrectiveness 
of heat exntv:ng: of the equipment, eg, ar well as of the transfer fluid side 


’ of the intermediate heat exchanger, e7,, is taken as 90 percert- 


Bae: Se, SPINS PSS 


hircraft penalty is evaluate’ on the basia of added gross weight, 
maintaining range and perforrance of the aircraft the sma as withait iistal- 
lation of the cooling symiem. The extraction of shaft horsepoxer frem the 
poxerplant, for the purpose of gonarating ths power required fur circulating 
the heat transfer fluid in the distribution aysten, results in increased fuel 
conguaption of the pesarolant. Ths additicnal fuel load is evaluated en the 
bagia of average representative aizoraft characteristics. For a spovific 
aircraft, this effect may be fra: ove-third to 3 times as great aa hexw cour 
sidered. However, this would not change materially ths base weight of the 
syetem aince the additional fuel consumption contributes only a small rert 
of the system base weight, 


2. Effects of Individual Fluid Properties 


The effects of individual fluid yroperties are illustrated in Fig- 
ures 2, 3 amd on the basis of optimum dosign calsulations made fer « aye— 
‘tem with a 300-fo01 distribution component, 1.6., the distance between the 
heat exchanger and the moet remote equipment item is 150 feet. The wends 
; indicated apply also to systems with shorter distribution lines, but not 
: less than 50 feat leng. For very shart line lengths the effect of thermal 
conductivity would bscome pronounced since then the heat exchanger weight 
would become an important partion of the syaten bese weight. For systens 
with long distribution lines, the thermal conductivity of the Siuid, in the 
range of peselble variation anong the warious fluids, i.a., in the ratio of 
about 5 to 1, 1s of minor importance and, therefore, has not hean considered. 


In the design calculations for Figures 2, 3 ani. the properties of 
water as a transfer fluid at JIS*P are taken as base values. Holding other 
properties constant, the values ef viscosity, specific heat and density are 
each varied individually ower a range represontative of the greups of fluids 
identified in Section TIT. The results sre presented os the ratios of ays= 
tem base weight with ona property varied to tha sywien base welght with water 
as transfer fluid, as functions of the ratio of the value of each Individually 
varied property to that of water. 


Figure @ represents the effect of incressed fluid viscosity. Curw &, 
for ali properties other than viscosity ins sexe as those of water, indieates 
an initisl increase in relative base weifh’, in propurtion with the viscosity 
to the OM} power, and at 25 timea tha viscosity of water, an incresse in 
propertian to the viscosity to the 0.2 power, Thus an Initial fivereld in- 
crease in yiscoslty raises the bsea weight abot 11 percent, whias 4 furtier 
fivefola increage raises tho base weight an wdditional 28 percent of the 
reference value. 


The trends shown by the other curves in Figure 2 aro similar to 
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Figere 2. Effeet of Viseesity ef Transfer Fluid en Base Weight 
of Bryondable Ceoling Syste 


those ef curve A. the values of curves 8 are based on a fluid having a specifics 
heat one-fourth that of water. Far auch a fluid with lew epscifie heat tho 
initial effect of viseceslty increase is very mall, the exponent of the curve 
being lesa than 0.05, but the rate of base weight inerease at high vissosity 
is the same ag shown by curve A. The values of curve € are based on a flivid 
having a density twice that ef water. The rate of aysten base wolght inerease 
with visscsity far such a fluid is sezsuhat mare waiform, The initial rate 

ig almost the saze as for curve A, but at high viscosity the slepo of eurve 6 
is appreciably maller. 


By sompariser of curves A, B and C im Figure 2 it ip apparent that 
the effect of inereased viscesity can bs conpensated by greater fluid density. 
For example, the visscaity can be imerenved about tvies but will not affect 
the base weight if the denalty is also invreased about wice ami the other 
prepsrties are the seme as theca of water. Extrapolation of curve A alse 
shove tat the viscosity would have to be inereased more than 100 tines te 
have the same effect as reducing the specific heat to one-fourth, if all 
othe properties are tha same an those ef water. 


Figuwo 3 represents the effect of apecific heat of the transfer | 
fluid on ths aysten base weight. Curve A, for all propartien other than 
specific heat the sas as those of water, indinates ths relaiidve base weight 
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ia inverse propurtion to specific heat raised to a power varying 
at bigh apseifla beat to 0.64 at Lev epacific heat. Thus, a flnid 
specific heat enly half as large and all properties equal to thoes 
ays ten base weight to ba aazevhat leas than 50 percent 
if te epecific heat should be only one-fourth that of water the 
syaten base weight would be incireazed by sore than 125 perseni. 


The Gemig ef the ethar gurveo dn Piyure 3 are einilex w those of 
euvo A. Curve B far a fluid having a density twine that of water is almost 
idemiesl. The elope of the oxrve ts elmost constant end varies fras 0.62 
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to ~,.64. Curve © for a fluid having a vienogity 25 times that of water has 

a@ grester slope than tae ether tvo curves at lew specific heat. Hewever, with 
en initial decrease of apecific heat fran that ef water, the base waight lie 
creases not as rapidly for the kigh-rissoslig fluid, being inversely preper= 
tional to the apecifile heat to the 0.2 paver. 


Comparison of curves ai, B and C in Figuwee 3 diacloses that the ef- 
fect of decreased specific heat can bea compensated to a Maite extent by in 
crezesd density when the apacifie heat is great. But at low specific heat, 
inoreased density alo increases the base weight. Redusing the apooific heat 
alone by about 2; pareent has the same effect wa the base. wage as inereaging 
the viscosity alene 25 times, if ell ether properties ara the sama as dias ef 
water, The effect of redusing ie specific heat alena ty 75 peroont is the 
gimme ag increasing the viscesity 25 times and simultanecusly reducing the 
apacifie haat by about 63 parcent. 


Figure representa the effect of transfer fluid denalig on the aye 
tem base weight. Curve A, for all prepaeties other ‘has density + che 
those of water, indicates the relativa base waight to shangs in inveras pro 
partion to the density raised to tha 0.05 power. Thus, use of a fluid having 
a density 50 percent greater and 111 other properties the — an water re~ 
gulte in 2 ayste= base weight only 2 persont smalle A fwther increase of 
density to wrice that of water eauses a tetal reduetion of hans weight ef a 
littis mere than 3 narcent. 


Curve B in Figure lk for a fluid having a viesosity 25 Simon that of 
water shows that the density ef o Migh-visssaiar fluid is mere Isportant. 
The base weight varies then in inverse proportion to the denelty raised te 
&@ power between 0.12 ami Gz. This in dus te the fact leaba bg high pump= 
ing power at high viasesity is reduced appreciably 7 increased density ard 
ite effect is not materially offeot by the loorcszc an the oelgut af tha 
transfer linea with increased density. At ths le vissoolty, represented 
by curve A, these effeste are almost in balance. In contrast, at Lew vig= 
cosity and lew spesitic heat, i.e.. ons-feuth that af water, as ahem br 
eurve G, the base weight inareasan with density. The slepo ef the owewe 
varies frem about 0.01 to 0.06. The grest cireulation rate (required bso 
cause of the low specific heat) also necessitates the use ef lurger distri- 
bution Lines which causes the weight inerease of the lines (due to larger 
density) to execed ary possible reduction 1 base volgst dua to reduacd 

pumping power, This relationship alee eauses the intersestien of eurved A 
and B in Pigera 30 


- ~ Phe greatly different magnitudes of base weisht, represented uy 
sarwe A, B end G in Figure ),, indicate that the effect af fluid donalty-is 
miner in caaparinen to apecific heat and wiesapity. As indisated by tha 
average slopes of curves A ia Figures 2, 3 and b, the aout important prop= 
erty ty far is specific heat, the second is viseosiiy and the third ta dez- 
sity. Digregerding the effect of themal conductivity, the curves in Pig- 
veges 2, 3 and , should be useful in estimating the relative ayaten bass 
Weight resulting from the use of a transfer fluid of kmam physical prep= 
ertiss. 
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For example, Fluerechetioal 0-75 at 115°F hse the follering prop= 
erties, relative to vater, density 1.71, viscosity 1.6, apecific heat 0.26, 
and thermal cemiustivitg 0.165. The estimate can be aade fron curve B in 
Figure 3 which indleates « relative bass woignt af about 2.25 ata relative 
epeeifis heat ef 9.26. Accorling te aupva C in Fievre |. the bass weight 
should te reduced about 1 percent for the change of relative density froa 
2 te 1.71. According to curve Bin Fige 2, the bese welght should be in» 
ersaged about 1 cercent for ths change in rellativa visvosity fra 1 to Lob. 
Time 2.25 is the final estimate. This is a fair appracimation of tha eale 
eulated walue of 202 shown in Teble 17 far the O-75 fluid. The differense 
ef 7.5 percent betreen the estimated and caleulated relative base wel ght of 
the O-75 fluid casure jpecause ths appresiable deviation of the thammal con 
austivity fron that of water has been tLaregarded. 


As another exeuple, a MIL-0-5406 nydraulis fluid has the following 
relative properties: denaltgr "0. 8%, viecosity 15.7, specific haat 0.509 
aad thermal serductivity 0.21). Gurve A is Figure 2 inticates a relative 
base weight of 1.46 for a relative specific heat of “0.509, but for relative 
density ané viscosity each at unity. Curve A in Figure 2 indicates a relso 
tive base weight of 1. % for a relative viseesity of 15.7, but for relative 
denii.vy amd specitic heat each at mity. An interpolation of tho alopas of 
curves A and B in Pigure l at the relative density of 1.0 may be used to 
eatiaata the density affeat. Tha a oe a ig <),20, Thoeefore 
the density facter is estimated to ba 1.0h. The estizated 
relative base weight is (1.46)(1. Parebe W e 08. A saloulated value of 

2.53 49 sham in fable 17 for the same fluid. This is not in good agree= 


ment. Neglecting the effect of thamal coniuctivity is here of auch greater 
CENSSYULRLGE o 


The differance between caleviated and estimated base weighty is 
actually net the effect ef the thermal conductivity alone but of the Prandtl 
maber, 1oee, the ratio of the produst of specific heat and viscosity to 
thermal conductivity. The relative Prandtl number of the 0-75 fluid ds 

2052, that of the MIL-0-5606 fluid 37.2. Over tiie range, the inasoursey 
of the estimate is shanged fven 7.5 to 23 percent when tho Prandtl] nuabar 
veriatéon te neglected completely, Therefore, the base weight appears to be 
proportions] to the Prandtl mmbcr to a pover somewhat less than 0.0%, whon 
the line length is great. 


Estimates made on basis of Figures 2, 3 and lh are cempared above 
with ealoulated values for the sme system length, cooling capacity amd ten= 
peratere level. Greater inasewraciea met be expected in partieuler whon 
te oes isngth is songiderably shorter. The Prandt], =mber effest beccsos 

enmanee when the heat exchanger representa a appreciable persentage 
of the total ayeten weigt, as 1% dess in short aystens. 


3. Spvrtes Germs 


erioties fer Repgregentative Flaildn 


Geabined effects ef Dluld preperties ami comparative marite ef tho 
various groups ef fluids alasaified in Section ITI are dliustrated by the re= 


avlts ef design onlevlations for optiaum aystese using fluids representative 
ef eagn grem. 
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Equipzent teparatures of 150° ard 250° ave corsiierad, corres 
apomdling to temperature potentials of 30° and 150°F between the wuiyment 
and the ulfisate water avelext cvaporating, as manti.oned previously, at 
160"F, Pha fluid properties at an interusdiste teuporatuce cf 1IS%F, ro 
apeotively 175°), ars aususod as thy bises for the design ealoulatione. 
These pr Gpar ties af ths selsatad TUPPERSNt TITS fhuids are given in Tan 
ble 16, The characteristics of the distribution avete end hsat exchanger 
fer theses temper. ture potanidala of 320° and 150° und lins lengths af 300 
and 50 feet are presented in Table 17. 


ss The wide varintion ef optim boiling teapaxature cifferense, to 
whieh the heat exchanger surface is inversoly proportional, is the reault 
ef the avallable taiperature potential, the greatly different fluid proper- 
tise and the at diaeiiation Lins latigthe Far tha desig tempara tine potential 
ex Or, fres 20 wo 55 percent cf the aveilabie temperate differciice ig 
atilised ea the expe ndabls-fleta-side of the heat exchanger. However, at 
= higher teaporature potential of 150° between the equipeent and the exe 
stable fluid only 8 to 20 percent ia utilised in this mamer. The gon- 
erally larger fluid flew rates reqaired at tho guall tcapsrature potestial 
regult in auch larger optiaw heat exchanger surfaces (smaller ATry) so as 
| to bold dewa the fie rate, tho puaping power, ané the weight of the distri~- 
bution line. When the distribution line is shorter and the overall tenperan 
Gare Potoutial is the sams, the optisim heat eachanger aurface ig eaaler 
(large ayy) since this reduces the heat exchanger weight whish represents 
& larger percontags of the systen walght. Tha temperature difference af 
of 3007 show in Table 17 for water and the mothenol-auter eolution st 16h0p 
Seoaete. seiner is the assumed temperature diffaranse of maxinua heat 
fiw in beliine heat transfer from a aukeweged surface. 


Zhe ogtinm fluid flow rates for sexy given temperature povential 
and lime length inaresse, an shor in Table 17, in the samo order ao the 
waleas ef specifica heat af the various fluids decreane (Table 16). In sone 
ingtanses of auall differsrres ef specifics heat the order may be reversed 
because ef the effect of ameather propartyy on the total aystes weight. At 
i to smaller overall temparature potential, the flow rates are greatly in=- 
creased wince thay are ADVE ESAS Propertiozal to the differense between the 
a3 ature potential (ig, =Tyj}, aad the heiling temperature differciice 
afin and, a8 pointed out above, the optinwa value of ATyyj, committer 4 
bigger paroontage of (2g4 = Ty) , the saaller the latter, fhe effect of Lins 
isagth dg inslenifieant. The range of relative flow rates between water and 
Pivereshenteal O=75 4s grester than 1 te 3 and somewhat lass than the range 
of apeoi le heats which appreaohaa b to 1. 


fhe optima distribution line dimoeters follow ossentdally ths exma 
coder ag the Flew rates, but are also affected by the fluid density and vie~ 
nesity. This is apparent in thst the lins dlasster for the Fluorochenteal 
O75 de eaaller than that fer the Silicone fluid DC-200, although the flew 
wate ef the former te 40 to 50 percent craatar, However , the Flucrouhnaies 
éenolty ig wnately 69 perocat gvsater. The effect of viecozlty ia ‘ne 
dieated by the Lins diamewnws for the Jmes rol and the MI-0-5606 hydraulic 
ail, at OF tusparature potential, tha flow rate for the latter is 3 apRe= 
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viscosity is almost 19 times greater Obviously, the effect of vlacosity on 
ontimim lins diamster ig opposite to that of denaity, but ia not ag great. 
he line diameters increave between water ami the Silleonms Pinid 0-200 by 
50 to 65 pareent, bt are always less than 1 inch (25 iv cooling capacity). 
ever at the low temperature notential and for the fluids requiring the highest { 
fley vate. It le apparent that the weight of the distributien lines ie more 
sritical than pumping powar requirements so that the eptimuaz line diameters 
are held small at the expense of increased preanusa drop. The effect of ling | 
| 
| 
( 


lensth is insignificant. 


The distribution lines pressure drops are affected by the flow rata, 
viscoalty and density. The valves shown in Table 17 represent the combined 
effeets and, therefore, are difficult to analyse by numerdoal _CORPAPLBONo 
It ie apparent that the pressure dep decreases with ine 


ergased flew FAW» pRe 

inexeases with wiscosltay and denalty. Thus, the JP} tual having the Lewost 
vineogity and density and an average flow rate hae the mallset distribution | 
lines pressure drop. Water has a relatively high pressure drep beeause of the 
lew flow rate which regults in a gal] optimm ling diameter. For the BANG 

lins length the pressure dreps are almest doubled at the higher everall 
perature potential singe the line sises are grently reduced for optiaus ave~ 
tem characteristies. Sinse the optimua flow rate and lina diameter aro 
practically independent. of lina length, the pressure dreps exe in direst pre~ 
portion t¢ the ling length when tha temporature potential is the senc. The 
mininum line preesure drop among the long aystens ig 101 pounds per aquare 
insh at the lov tempsrature potential and 176 pounds per square insh at the 


high temperature potential. The vange of relative values fer = tho flaide 
e ie about fren 1 te 1.5. 


The pressure crepes of the tranefer Fluids in the heat exchanger are 
principally affected by the Prandt] number and are generaliy in tho sane 
order. Thus, fer optimum beiling temperature differential, a high=Pramitle 
nuober fluid such as, for exasple, propylene glysel, would have a largo 
pressure drop. The range of relative presgure drepe at beth teaperatwre pe= 

tentials is almost 100 to 1. The sreasure drop in the beat exehangar of a 
syaten with shorter distribution line length 4a greater sines the heat cue 
| changer sige is reduead to optinize the total system weight. 


The pumping power of the entire distribution system is direstiy 

| yroportional. to the tetal pressure drop threugh the lines and tho heat ex 
changer and to the flow rate, but inversely proportional to the seg 

Thus, there are coapensating affects which held the puaping pow 

rango fron 1 to 3.8 for the lewer temperature potential and fran L to 3 for 
the higher temperature potential. Considering the syaten's seoling eapasity 
of 25 kilowatts, the pumping powers are eal). 


For a given length of transfer system, the persomtages of the total 
base weight contributed by vericug parte of the syptes are not greatly af- 
fected by the tenperature potential. Among the long ayates, the largest 
pereentage of the weight is in the distribution lines, except for nigi= 
Frandtlenumber fluidg for whieh the weight ef tha heat exchanger may sete 
be edtal o somewhat greater than that of the ddstributien lines when ¢ 
temperature potential is ang?) The more farewable finide have lege ths 
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am leas than 10 percent et high temperature potential. Thus with increased 
teuperature potential, the relative weight of the distribution lines inersases 
and that of the heat exchanger decreags2. The sun of the parcentagna of dime Loss 
tribution line weight and heat «<changer veight o: the long aynter is between ; |, 
70 and &0 percent, irrespective cf temperatura putentiel and transfer fluid. er 
Tha waight of the power supply avstem for long fluid Lines constitutes tron { 
1S to 25 pereent of the system weight and the vetget dua to added Tus] cone 

suapticon to compensate for payer extrection fran the power plant is less 

than 5 percent. 


20 percent of theiz weight in the heat exchancer at low temperature potentiel ee 


dacng the short aystems a moxe appreciable percentage of the total 
weight is in the heat exchanger and the power supply system. In porticular, ' 
the latter becomes relatively heavy if it ie assuaed that ita mirdmum wetgni = 
is 5 pounds, irrespective of pumping power, ag has been done here for all | ng 


syaten. The Sepound minimun weight in believed to be a realistic assumption. a. 
Thus, the percentage welght, distributions stwwn in Table 17 for three of the ees 
four fluids used in the short system would differ in favor of a lower power 
supply system weight at coolsng capacities much larger than 25 kdlowatts. 


he Comparison of Overall Weight Effects of Representative Pluids 


Canparing the apecific base weights resulting fron the various fluide aoe 
on an absolute basis indicates a very critical effect at low temperature po= Poe 
tential, Between water and the Silicone fluid the difference in spacifie Esa 
] base weight of the long aysten Le more than 10 poumis. At the high tempsrs- | 

ture potential the differuncs 1s 2<1/l pounds. Consequantiy, tha choice of 

the fluid would ba much more important when only a small temperature potan- 
| tial is available between tie equipment and the ultimate fluid. Similarly, 

when the distribution system is shart, the absclute differsnees do not 
represent large weighta ani, therefore, the choices of fluid eppenrs to ba 
lese important. 


The spocific baae weights relative to water in apstems of the sane 
length and temparature potential differ appreciably for the various fluids. 
The relative values are lower at the higher temperuture potential because 
tho water system operates at the limiting ultimate teaparature differential 
of 30°F. In the order of increasing aystem base weight (sham in Table 17), 
the fluids may be given the following claseifications. 

1) Water (Group 1) 

2) Mathanelewater solution (Group 2) 

3) Ithylene glycoleater selutisn (Group 2) 


h) Ji3 Adraratt fuvl (Group 3.1) 


5) Isobutyleisopropyl sllicate (Group 6) 
6) Progrlers glyeol (Qroup 5) 
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7) Mil-0-5606 Hydraulis fluid (tkoup 502) 


5) Finwochealeal, %75 (reup )) 
9) DG-200 Silicone fluid (Greup 7). 


The aquecus solutions (Group 2) ecme olesest in relative aireraft 
pemsity tc water beacause thelr specific heats are high compared te the other 
fluids. The etiglems glycol-sater solution is inferior te the methansl= 
water solution because of lower specific heat and appreslably gweater vile 
vosity, the latter particulariy at the low fluid temperature corresponding 
to the staller teapavature potential. Although the spacifie heat of the 
JP-3 fual ig more than 3 percent cealler than that of the ethylene glyeol- 
water solution, ite ralative systes base waight ip not greatly different 
cause ite lew visvesity bas a emupensating effect. 


The worst fluid, causing a spceifie aysten base weight 3 times that 
fer water, apppars to be the D0-<200 Silicenes fluid. It has the unfortunate 
eembimotion of the second lowest specific heat, the second highswt viscosliy 
and feurth lewest themal conductivity. The other Silicone fluids of mush 
reduced viscosity shold shew scauhat batter characteristics whieh would be 
more esapnrable te the 0=75 Fluereshenical. The 0-75 fluid is the next 
poorest fluid. It has an effect not appreciably different from tha reese 
hydraulic fimia which alee causes a high penalty that 4s 2 to 2-1/2 times tha 
ef water. The Flucrechmical having the lovest specific heat and thammal cae 
ductivity ef all fluids dees not appear as the vorat fluid only because it 
has a low viscosity which has somo compsneating effect. In contrast, the 
MUl-0-5606, whieh regults in practically ths same ayaten base wolght as the 
Ae fluid, has a fairly high specific heat, but it has the highest viscosity 

fluids axl relatively lov theraal conductivity. Its properties, other 
rile operat are pore ginilar to thease of the JP-3 fuel which 4s alse 
a bpétessben, Horm ebhe hydraulic fluidis viscosity is 1h to 19 tines 


lerger. Tite is the principal eause for a 38 to 6&4 persent grester aysten 
base woight. 


The relative magaltudes of the autem base weights dus te the dife 
ferent transfer flmide de not define completely the effects of tha various 
fields on the aireraft, since the weight of the ultimate oe is not 
inslwied. Only at wary shart operating times of tho expends temg 
would ths relative base weights ba slecst representative ef oe relative pra 
ewaft penalties. Howcver, the signifieance of the larger base weights is 
apparent when they are gsearnared with the bass weight of the water syaten ani 
the added ecngmaptien of the sxpendable scolant giving the same total weight 
and & meagerable opprating ties. This ig particularly significant at mali 
tenperaters potential whes the hase weight is appreciable. It is lllustrate? 
in Figers § which ts 2 plot of the system groas weight paraveter versus gys= 
5 operating tins, The grose veight inerease of thy alreraft for a water 
dig@ibutien greta: and the following opa@ating tines would correspond to the 
fallewing fluids at sero operating tins; 16 ainutes ~ methancl—vater solu- 
tien, 25 mimten = ethylene glycolewater golution, 4} minutes - JP-3 fuel, 

1 hour » igebutyl-isepropyl silieate, 1 how 3) mivutes = proprlens aes 
1 home 55 mimtes - O75 Flucreshaal, eal, 2 hows  mimrtes = NIl<0=5606 kyo 
dsadiie finid. 
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A glallar effect existe at higher tesparaiura potential, but ieee 
siguifiesnce since the ayatem base weights are aniller. tno equivalert op 
aratding times of the water syztes, indicated in Figura 4 to correspond to the 
pase weight ai the other ayntuma,are shorter than thoge amare in Figura 5. 
Thess simes. and serrasponding | fluids ave, for example: 2.5 mimites - methanol- 
water golutdcn, 10 aimster ~ JP-} fusi, i, mirates = propylene glycol, 2h min- 
wise © 3 5 “ooreshentes! and WW sinngos = MALOU! S4idcons Sludd, The tpana- 
fer fluid ie of still maller significance whan we Alatrinution lings are 

ahert becauze, then, the syaten base weigh? is very small. As shown in Fig- 
ure 6, even she Kli-0-5606 fluid has a gmall enough base weight that the 
equivalent oparating tise of the water dlateibution epatem ds only 10 nduutes. 


Tim velatiivs gross weight increase of the alroraft coapared to that 
eauced by a water distribation gaten decreases with operating tims af tha 
expendable srtem, 1.@., with izerosaing welgrt of tuc ultdaate syaten this 
4g iliustrate’ in Pagures 7, 8 and 9. Becaiide of largo bare weight at mall 
temparatare petential, the curves in Figure 7 do not converge as rapidly ae 
these in Figazres § and 9. In Figure 8 are inclwied several linen for evn 
atent persentages of total weight represented by the base weight. Pigures 8 
awd 9 each contain only @o constant-persentage base weight lines, In com= 
pariaen, the rangs ef relative gross weight chom in eech o& tha figures at 
the eae: percentage af goss weight raprengented br the base weight 4s shout 
the sane, but decreaves with greater temperature potential ami ehortar line 
length. Por the chort eystes at high temperature notentlal, the base weight 
becomes @ ema - poreentugs of the total gross weight inecveass already at 
relatively shart operating tina. Obviously, as the base weight beconus a 
gaaliey pereomtagy of the totel, ths relative groas weights do not differ as 
greatly for the various fluids, Thus, aa shown in Pigure 6, when the base 
weight constituted 20 percent of the total, the maximum difference in total 
gress weight 19 15 percemt, using tho least desiseable fluid rather than water. 
However, when the base weight constitrtes 80 percont of the total, thera is 
a difference ef 96 parcent in the total groca weight. 


Coaparigen on ths basis of somatant-parcentage base weight favora 
the (uid with the less desttable properties since it would, yor the same 
ayatem design and operating senditions, actually be responsible for a greater 
pereentags of the groas weight in the furm of distribution aystem base weight. 
This, hovever. wavld dapund on ths type ef ultimats apsten employed. Fer axan- 
gue, fer expendable water aystess operating for one hour, Pigure 8 indicates 
that the water distribution grates would constitute 27 percent of the gross 
woignt while the DC-200 fluid grates would represent 50 percont. Tho relae 
tive gros waignt duo to the latter fluid would be 7 percent greater than 
that due te the use of water ag a transfer fluid, 


Some of the tronds, demoustrated by Figura: 7, 8 ani 9, in tho rela~ 
tive effects of different transfer fiuide on the alreraft grossa weight, in- 
‘ease due to ane mpemdiable water system should be applicable to othar ulti- 
wate cooling aystems as well. The relative base weights of the expanable 
bbe enewld be considered az tim maximum: relative valuen of gross weight 
inmerease, Feawiting fraa the ehalce of transfer fluid, Wiat arid be ape 
prosohed babes any cooling uystea, no matter hoy log the penslty of ite ule 

eupenent, The signifieanse af the expendahls cooling system's 
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Figura 8. Variation of Relative Grosa Weight of Experdable 
Cooling System with Operating Tine for Various Transfer Fluids. 
Temperature Potential, (Tgg-Tu) © 150°F. Distribution Lins 

Length, Lp = 300 feet 
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Piga@re 9. Verlation of Relative Gross Weight of Expendable 
Be Syotea with Operating Time for Various Transfer Fluids, 
eap@ratare Potential, (Tgo~fo) | = 150°F. Distribution Line 
langth In = 50 feet. 


operating tima is the same ag thet of the operating conmiition of the ultimate 
ecaponent ef amy other ecoling ayates. Fer example, the operating condition 
ef a ree aly gyates way be defined by the flight epsed, altitude and aie tam= 
perature. 


Syetess having mall ultimate componsnt pensliy, corresponding to 
shart operating times ef the expandable systes er bass welgh’ percontages Svea 
60 to 90 percent, insur appresiable inorease in gress wolght parcontagewis 
when & @anefer Piuid-e tose desirable physical propertics ia uscd, whan the 
h ef the distritution line is short, the parcontage ingrease may bo 
ter, but the abeolute inczease would be gall ainco the entire gyaten 
weight would be gall, For any given operating condition af ths altd- 
mate oat Prctahare the relative effect of the tranafer fluid is greatest, 
the a ths temprrature potential betwean tha equigment and the ultimate 


When ths ultimate smpoment pomalty of a ayntes ds great, worrasponte: 


dng te Leng operating times of tha uxpendable aynten or hase weight persentsgos 
ef Ines than 20 percent. . the ghaiee af teansfar fiuta should haya nercsntsss 
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wiss a lese appreciable effect am the ote groas welght sf the antire anole 
ing system, providing the teap@ature potential te not marginsl. However, 
the abeolute imovesse in gyeien goes seight dus te: tha chodoa of another 
fluid may be quite appreciable because of great sratem weight in general.. 
This is not fully appreciated feat Voc snatysia of tha indirect expendable 
syetes because fur lb che ultdmats-—widy pouslty ie euesatdally sixed, bain 
Fepresanted by the walghe af flucid rauvired to be evaporated to supmy the 
necessary cooling capacity for a apecified Lengtn cf tise, Therefore, thy 


aiy originating in tha {light atmosphere as coolant, are optimised by the com 
bined effect of the distribution syeten, tne intoresdiate heat exchanger and 
the ultimate eystem, since the latter's panalty can ba modifind appreciably by 
changing the characteristice of the distribution system and heat exchangs. 
Thus, whan ths penalty level of the ultimats cooling syste is high, such as 
it is, fcr example, for a bieed air systen,a transfer aystem of relativelir 
groat base weight would be desirable to hold the combined gross weight te a 
minimum. Consequently, the use of a transfer fluid of poorer properties 
while not changing the grces weight of the entire arate by an appreoiable 
percentage, may result in a considerable absolute weight inoresae, sinsa 1% 
must allow only little change of tha ultimate component's gross weight. 


The evaluation of the effects of various transfer fluids in the axe 
pandable cooling syatea om the basle of equal cssraiing Wace, to carrespend 
to a specified operating condition of anothw cooling syste having the sano 
percentagy base weight for a reference fluid, should provide a gemral means 
for determining the desirability of using a specifics fluid with amy cooling 
Bysten . 


In the following sub-section are presented regults of the coaparigon 
of the use of two transfer fluids in an indirect rama air system whieh indi- 
eate tha comsrai applicability of Figures 7, 8 and 9, and illustrets soma of 
the preceding observations. 


The indiract ram alr arstem has a ram air dust supplying seoling alr 
fron the ataoaphere to an intermediate heat exchanger and an exhaust dust 
discharving the heated air to the ateouphers. The heat exehaager is ined 
to the equipzent items by a distribution system in which a heat iransiier 
fluid is circulated by means of a pmp. The airoraft gross wolgtt inoreage 
remulting from this gyetam may be considered to sonsiat of a base vaignt 


- and the wolgit ef thea ducts ard the weight Increase due to the external und 


momentum drag oauged by the supply of cooling air, Tha base weight insludes 
the same quantities as that of the expeadable system, Listed on page 80, 
Ths conversion of drag into gross weight includes considuratiows of the 
phn of fuel weight to groua weight smi of the lift-dra; ratio of ths alr 
erat >. 


-~ For a given flight epsed altitude and atrospharde air te=sprrature, an 


optimus design constitutes minimization of the entire gross waight of the 
eaten. Considering tha huat amchanger size constant, a large cirovlution 
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pete of ths same tranafer fiuld will increase tha gross weight that way be 
ascribed ww the trarsier system, becsuse of grentar maping power, wol.ghi 
of distribution lines and power gupply system. Simultansously, the gross 
weight penaliy due to the ulticate ceoling system decreases because of 
gialler duct gises ani drag. 
Pate whieh is permissible because a hi.gher mean surface temperature of the 
intersediate heat exshanger is produced by the ineroase in transfer fluid 
flo: rate. Inereasing the transfer finid flow rate at covetant heat e~ 


changer sige will elec inorsase the transfer fluid puaning power requirenert 


of the intermediate heat exchangur eo thst ity alse should be increased in 
order that the total pemalty asoribable to the heat exchanger, i.ao, its 
weight plug the systea weight reevlting from ite power require 


vised. This is of significance prinsipally when the transfer fluid hag a 


high Prandt) mumber sc that the penalty due to pumping posur required by the 
heat exchanger ie en appresizrblis part of the total base weight of the ayatem. 


Use of a transfer fluid with lewer specific heat results in en imerease 
of flow rate which would cause the base weight of the system to inerenss cone 


siderably if the ceoling alr rate would be maintained constant. Tharafore, 


an inerease in cooling air rate and heat exchanger sige is required te mini- 


miss the tetal grossa weight of the system. Thus, the heat exchanger will 


have a higher heat transfer effeativencas on the liquid alde aud a lmer efe 
fectivensss on the air side, Then, the optimum temperature rige of the ogole 


ing air is equivalent to a smaller percentage af the total available temper= 


ature potential between the equipment and the total inlet teaperature of the 
eooling air. 


le Methods ef Analysis 


Like far the expendable system, the methods of analysis fer the ran 
air syitem will be presented in a future report dealing with characteristics 
of various types of alreraft equipzant cooling systems. Tho results ef de= 
gign calculations made fer the optimum use of the pethuncl-water solution 


(freesing at ~65°F, Table 16) and the MIL-0-5606 bydraulie fluid (Table 16) 
are presented in the following. 


The calovlated results are baged on a cooling capacity of 25 kile@ 
watts. The effectiveness of tha equipment is taken as 90 percent. The ef= 
fects of increased fuel consumption of ths power plant due to extraction of 
wiping power are evaluated on the game basls as for the expendable systen 
(ees pags 82) and the same considerations apply. Similarly, for the cone 
version of drag to gross woight representative alroraft-characteristies are 
agsowesd which are within + 50 percent of any value that 1s likely to be ea 
countered. However, the effect of dvag on the gross weight le relatively 


amsill becauss, for the conditions analyaed, tha drag contributes only on the 
order of 20 percent of the total gross woiznt. 


aes 
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Figure 10, Typicsl Variation of Syuten Grcsa Weight Pareaster of Ran 
Ai’ Gruten with Digtributien Line Length for To Trarcfer Fluids. 
Altdtade , 50,000 Leer. Flight Spesd hag Ob. Foutpment 
Teupsratoe Tp, 2 190°. 


2. Gomparisen of Oweall Welgnt Bffecta af Fluids 


Typical effeste of tha use of the two fluids with different lengths 
of transfer lines ars illwirated in Figure 10, The altitute is 56,00) faat, 
the flight Mach musber, M,,2 0.8 and the equipaent, texperature; Tgs = 190°F. 
The tetal ren air temperature in Tye 27°?. This gives an overall texpora tara 


potentisl sf 190-27 « 173°. 


fhe absolute differente in the gross weight parameter dus Ww the Bo 
fluids io azaller when the distribation line 1s short. The difference is 
0.85 pound mar kilewstt at a line length af 50 feet, compared to 1 pound per 
irilewat? at a ins length of 300 fest. However, the reletive increase at 
50 fect ts 61 purcomt, ecapared to % percent at 300 feet. The greater par 
nentags drereasy at short lenzth 12 due to the fact that in order to opti= 
aise the ayetum the hydravlte fluid requisee a mush larger heat exchanger 
than the mothanol-water aysten. Thie heal amianger represents a greater 
poroentags of the tetal grans weight whom the lines length da short. This *s 
also imliicated ty tre difference in the yorsentage of tote) srone weight 
repregsuted by the base weight, At 300 fest lina length the parcentages of 
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Figure 11. Typical Variation of System Grose Weight Parenst 
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Air System with Overall Tauporatura Potential for Tyo Tranafer Fluids. 
Altitude, 10,000 feet. Flight Speed, Mga 102, 
Distribution Line Length, Ip = 100 fest 
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The effect of available temperature potential on the esaparative 
aircraft gross weight lucraass due to the use ef the to transfer finids is 
illustrated in Figure 11 fur typisa), opdcating conditions, The altdtwe is 
40,000 feat, the flight Mach umber, Id, = 1.2 and the line length Ig » 109 
feet. At small. temperature potential the ultimate sexponent penalty is- 
ereasea rapidly with a mull dsoraase in scam heat exehsnger aurfase ‘eEpeeo 
ature, Holle base weight decreages at a maller rats. Therefers, the im 
crasee in base weight resulting fron the use ef a poorer transfer fiutA ean 
not be campensated for effectively by increasing the ultimate eaponent 
panei@y. Tha percentage base weight of the syotem using the powrex waneiar 
fluid must be greater and the tetal gross walch? inerasee de anomasiabl es, 
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At a temperature potential of 50%, the percentage base weight of the sytem 
with the hydraulic fluid is 68 percent.,that of the ayutem with the mathancl~ 
water solution ds 57 percent. The total gross weight of the syaten naing the 
hydraulic fluid is 6% percent greater. The bane weight of the system using 
the hydraulic fhaid is nore then twice that of the uethanol-water system, 
while the ultimate component penalty is increased by about one-fourth, 


For high temperature potential ine ran air system, like the expemd- 
able system, can be designed for greatly diferent transfer fluids without 
appreciable affect on ths totai gross welgiry of the cystez, This ia shan 
in Figure 11 by a dirferenss of only 25 percent batween the gross weight of 
‘he hydraulic oll and methanolevater systems at 169°F temperature potential. 
At this temperature potential a amall increase in the ultimate caaponent 
penalty adequately compensates for the increasa of base weight dus to a 
poorer tranafer fluid. Algo the absolute gross weight at high temperature 
potential is smail so that the added aircraft gross weight, using an inferior 
transfer fluid, would not represent a large aircraft weight increase. 


3. Estimation of Overall Weight Effects of Fluids by Means 
of Expendable System Data 


Comparison of the optimum design data calculated for the ram air 
cooling system with those for the expendable cooling ayetem inileatss to what 
extent 1t 1s possible to estimate the effect of designing for a different 
tranafer fluid in one cooling aratam, if data on the affects of dssigilig 
for both fluids in an expendable system are availble. as the basis of cum 
parison should be taken the variable which can be correlated directly with 
the operating condition of the ultimate component of the cooling system. 
This is tha base weight percentage of the systes correapomiing to the refer= 
ence fluid. Then, the opsrating time of an expendable ayatem of equal tem= 
perature potential, distribution line length and similar cooling capacity, 
corresponding to the hase welght percentage of the references fluid obtained 
with the othor cooling aystem, should be an adequate basis for nredicting 
the relative gross weight of the other system using ¢ different transfer 
fluid. 


In Figure 10, at a line length of 50 feet the respective values of 
the gross velght paramster and base welgnt percentage far the metnanol-vater 
solution amd the MIL-0~5606 fluid are 1.4 and 2.25 pounds per kilowatt and 
59 and 71 percent. Therefore, the groas weights are in the ratio of 1:1.61. 
For the same base weight parcentage of 5) for the methanolewater transfer 
fluid, the expandable syaten having also a ine length of 50 feet has, as 
shown in Figure 9, a raiative grosea weight of 1.0) and a corresponding op- 
arating time of about 8 minutes. At this operating time, Figure 3? sinus 
the relative gross weight of the expendable aysten using the NIL-0=5606 
Lluid to be 1.7/7 and the corresponding base wolght parcentage to be pronably 
greater than 70 percent. Thus, tha gross welyhts of the expendable systeag 
ara ree the ratio of 121.65, which compares very closely with the ratio of 
ds1.601 determined for the ran air syuten. Hovover, since the temperature 
potentials of the twosyntens are somewhat cLiferent, being 150° and 173°, 
respectively, the actual agreenaent vould yrohably be not quite ea clove, 
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At 30G-foot line length the affect of the difference In tempera- 
ture potential between 150° and 173°F is quite apparent. In Figure 10, the 
respective values of the gross weight paraiietar and bane weight percentage 
for the methanoleweter solution and the MIL-0=5605 fluid ara 2.9 and 3.9 
pounds per Idlowatt, and 80 and 81 percent. Therefore, the gross weights 
ave in the ratio of 151.35. Kor tha base weight percentage of 60, the ex~ 
pendable system having a line ‘angth of 300 feet has, as showm in Figwre 8, 
a relative grose weight of 1.10 and « corresponding operating tise of about 
6 winutes. At this operating time, the relative gross weight of the et~ 
pendable syutes using the MIL-C-5606 fiuid is 1.7 and the base weight per= 
centage is avout 8 percent, Thus, ths gross weights of the expendable ays~ 
tem are in the ratio of 1:1.5h whieh is considerably different than the value 
given sbows for the ran air ayatem. However, the agroement ie improved when 
the difference in temperature potential is taken inte account. An estimate 
ef the effect can be obtained frea Figure ll which, however, is for 100 fest 
ef line length. The relative gross weights show for a teaperature potential 
of 150°F are in the ratie of 1:1.%5, while those for a temparature potential 
of 173°? era eatinated by extrapolation to be in the ratio of 121.23. If 
the gase relative variation could be assumad to be applicable also te a 
ayetem with 300 feet of distsibution lins, the gross weights of the ram air 
nystem, corresponding to these indicated by Figure 8 for the expendable sys~ 
(ami, would be in the ratio of 1:1.35 (1-35/1.23) » 1s1.48. This indicates 
gomsehst better agreement. 


It 4a apparent that when tha above method of estimating the overall 
grose weight effect due to designing Zor another transfer fluid, baned on 
equal reference bage weight percentages and an equiveient operating tins for 
definition of the operating condition, is used, actual optimua design values 
are not checlted accurately. For systems such ag the ran air syatem, having 
lor ultisate ccaponent pemity and considerable design flexibility, the pre- 
disted relative changes in geese weight when using a different transier fluid 

would alwaya he greater than the actual chango. This is illustrated by the 
fact that the base weight percentage for the WI1-0-5606 fluid at the same 
operating time of the expandable systes is always greater than the base 
welght percentage ealonlated for the corresponding operating eondliion of 
tho ran air aysten. The possibility of cospenzating for increased base 
weight ty masts of increasing the ultimate eompenant penalty of the ram aie 
syotem makes the use of poorer transfer fluids sumewhst lesa psnaliging, 


For aystems of greater ultimate component penalty, usa of the nethoed 
{linetrated in the preceding and application of the expendable system data, ~ 
sush ag thoes of Figures 7, 8 and 9, should fwnish close estimates of the 
effests of different transfer fluids. In general, good qualitative estimates 
of transfer fluids effects should be obtained for any type of cooling ayeten 
uging the exneniable system data ag showne 


WADG TR 5-66 Le 


Co 
wae ce ep oe ie tre eee ais En a : 
a Sao EES SEES ST rT Fa nn Ser EOP REED TUTE J BER 2 SE SESE PREETI NSTI ST EET CY 


SEOTIGN VI 


CORCIUS TONS 


For the optimum dasign of alrovaft enuimeni cooling systems, the mech 
desirable physical property of a heat transfer fluid. in high epeolfia haat. i 
Second in importance ia low wiecosity, Weing follownd by high densiiy and | 
les Prandt]. number. 


fhe probable maxinw variation in cooling system gross veight, uaing : 
any of the fluide that way deserve consideratiou, is in the relative rengs es 
froa l to 3. The pryaieal aharanteristic: of the distribution aystema do peed 
not differ appreciably, azeant. for required flav rates, ramping power and a 
haat exchanger sise. | ea 


fhe choice of the beat transfer fluid is most erittoal with long distrie | 
ution line lengths and when there ia but a email teuapsrature difference, pel 
75°F or less, betwean the aonipment ex) the ultinate heat eink. At teaperae no 
ture differences of 150°, er greater, the defects of ths heat transfer fluld 
gan be compensated for by alloying the peralty of the vitimate oamponant ef 
tha systan to insreags. 


fhe choice of the haat transfer fluid ‘a of reduced significance with ot 
short distribution line length. The greater ths groes wolght of the ulti- aoe 
mate heat rejection sysi=i, the leas important is the choice of the heat roe 
tranafer fluid. For ran alr systems iapoging a emall penalty on the aiz~ pee 
craft for supply of the atmospherics air to the cooling aystes, the effect of : 
the heat transfer fluid is such that the prohsbie macimut relative rangs of 
the groso weight, of the aystem for the availabia fluids would be 1 to 2. 
For experdable aystems oparating for 3 hours at more, or for bleed alr ays= . 8 
teas, both impoming a considerable penilty on the aireraft for providing ie) 
the ultimate cooling madiun, the maxima relative range of the gross weight orl 
of the system for the available finids would be i to 1.5. However, since 
such systems have, in genaral, a great grosa weight, the relatively mall - 
percentage increase dus to the use of a lesa desirable heat transfor fiuid oo 
would make the increase in aireraft gross weight not nogligihle. os 


fhe offects cf the choice of the heat transfer fluid on different coole 
ing syetems vary. However, they can %« compared oa the bagie of equal par 
centages of grows weight attributable tc the distribution systea and the 
intermediate heat exchanger wher. the seme fluid js used. This pern!/ts pre~ 
diction of the relative change in gross weight reeulting fron designing for a 
a differant fluid Jn ona system when the resulting relative change 4s sem Sy 
for another systan. oo 


an 


As a coference fluid, water has the moat desiravle properties af the - 
fluids imveutigate for usa as a forced convection hent transfar wedi, 7 
It hag ths siost suitable combination cf the physical proparties of spesific a! 
haat, vincosity, denalty end thermal conductivity, which control heat transe | 
fer, as well ae the most desirable proverties in tama of corrosivanret, A 
sombuatibliity, toxicity, ard atasiiiiy. However, 2b i unsuitable for use 
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in alroraft cooling gyatems because of its high freosing point of BF. It 
should be considered as a reference fluid to be used ag the basis for judging 
the suitability of other fluids as heat transfer media. 


Since water cannot be used, the siost desirable fluids for heat transfer 
Byetems ave the aquacus solutions. In this class of fluids » organic Lignids 
ere added to lmer tha freesing point of water. However, this addition ig 
detrisental to the haat transfer properties, A methanslewster solution 
freasing at -65°F is the bast fluid in this class of Liquids but doas have 
a icw flash point. Ths greatest increase in cooling gysten gross weight 
that may result from the use of this fluid, rather than water, would be 15 
percent. 


: if safety and non-flemmability are important, than an ethylene giycol- 
water solution should be considered for use. However, the latter's viscosity 
is high at low temperatures which may cause difficulty at etart-un. Relative 
to water, the mayimun probable increase of cooling Gyatem gross weight dus te 
the use of this fluid vould be about 25 parcent, 


All fluids considered may be grouped inte seven general classes and magr 


be listed in the folicuing order of preference ag far as heat transfer proper= 
ties are consernsd: 


2} Water (referense fluid) 
Aqueous solutions 
: Hydrosarhena 

Organie-inorganic eanpounds 
5) Oxygenated hydrocarbons 
6) Fluero= and ehlero-kydrecarbons 
7) Silicones 


In the hydrocarbons group witich contains fuels, lubricants, andi hdraulis 
fluids, the fuels are much better heat transfor fluida than the luorLeants 
and hydraulic fluids which have high viscosity and relatively icv tharmal con 
ductivity and renk abeut with the axspgemeted hrdrscarbons. 

The organic-Lnorganic compounds rank next below the terdrecarbons, fole 
iewed by the oxygenated hydrocarbons. Ths flucro= and shilaro-hydresarbons 
are infericr becauge of very lew specific heat and thermal comiuctivity. The 
silicones are least desirable because of high vigcosities and lo specifis 
heat. Lower-yiscosity Silieenss would rank with the flucre- and ehloro= 
hirdrosarbons excent for their lav flash points. 


In the wide temperature range up to 600°F, water again has the most de= 
sirable hest transfer properties. The only other fluids 9 Gissuased in this 
Teper’, which can be used up to this temperature are the Fluorockemiculs 0=75 
and Helj, Sildeons fluid DC-550,and Ueon S0-HB-260-, 


It has been possible to caloulate or to obtain data frou varloug pemrees 
on most of the following proparties; bolling point, vapor pressure » 2488h 
point, fire point, freeing point, pour point, latent heat, density, specific 
heat, viscosity, thermal conductivity, combuatiblilty, and effect on elestorers. 
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Mata on the stability, taxlcity and corrosivensas of fluids have been 
difficult to obtain or estimate. Avallahls data aro diffinult to interpret. 
Very unstable fluide and tale fluids have not hean considered, Tn gansral., 
fluids having relatively safe or high f2ash and fire polnts have bean in- 
vestigated. However, a few fluids having icv tinsh points such a alechiois 
ani avietion fuels have been included, saae because of thoir availability ip 
airceaft, others becauzs of mpartor heat transfe, vropertler. 


The available satheds vhich hare haan collected and are bare proposed 
for the eotdmation of physical property values giv: results of sufficient 
accuracy for the engineering evaluation of existing ani new heat transfer 
fluids. 
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APPBUDLX I 


PROPERTIES OF HEAT TRANSFER FLUIRS BELG 200°T 


ta an the preverties of heat transis: 
pplicahle up to 3090°F, The data for 


f 


The following tables contain ds 


fluids investigeted aud considered 
goveral cther fluids in the same tempereture range are given in Tablec 
+9 1S 4n Section III. The sequence of tables in this sppendix is in secord> 
ance with the order of group numbars assigned to the ver 


4ds in Seetion TIT. page 46. 


doug claseee oF flue 


In all tables, a number in parentheses following a property designation 
vefars to a specific reference for the fluid listed in one of the items of 


the table 


stereMathy), Alecho), Solution Freesing at -SS°F 


3] DE Prenat 


| At 100°F the density of thie solutio 4s 13 percent less than that of 
pure water, the specific heat 1s ll percent less, the wiscoaity is 29 pare 
cent graater, aad the thermal conductivity te ‘4 percent less. 


1. Chemical composition, solution of 68 weight-percent methyl eleohol and 32 
percent water 


2, Average molecular weight, 250% 


foamed = ea Se ee ee 


3, initial boiling point, 162°F at 760 m. Bg 
4. Flash point (2), sbout 60°F 
3. Freesing point, -83°F 


| 6. an 8. 9. 1. ps 
Tnit.e vapor Approx Pensity Specific Viseos ity Thermal con- 
Temp. — preseure Latent. 4) heet (5) (6) duetivity (7) 
(1) heat (3) eantic whr » 
oF ga ig Bip/ib  Gma/se Btn/ib°? ponger ft<(OFr/f:) 
30 4,9 0.164 
') 6.906 0,660 2.52 0-164 
50 26 379 0.884 0.748 1.54 - 0,164 
100 171 - 5858 Oo B62 0.788 0.88 05165 
130 390 541 0.838 0.806" 0.54 0,168" 
200 1640 $28 OeBL3 9,62" 0.33 0,168* 
250 3930 51? 0.781. 0.830% 0.21%" 0165" 
300 a080 508 0.749 0,838" 0,14°" 0.168" 


Wxtranolatad linearly 
i tHigrirapolated on ASTH Chart Dadl-4e 
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Table 18, coatinusd 
12, @eler, seleriess 
13. Gombustibility (2), zombustible 
14. Toxieity (2), taxis | 
WS. Stability, stable to 300°F, no data above SCO°r 
16 Selusility, solukie in water 


17, Bffect on elastomers (8), coma elastomers avell 
18, Specific refereness for this fluid 


a ee 


(2) Ghia Chu, Jor Biotijigt bri Data, Reinhold Publishing 
Gorpo, Hew York, 1950, 15-14 
(2) Bex, Io Hoo of Bansorue Materials, Reinhold Publishing 


Corps Bow York, si, Bo tho 
ie Otiner, D. Fe, Ind, Eng. Chem, Vol. 32, 1940, po S41. 
tise). fables, MeGraw-Hill Beek Se., Hew York, 


i (4 ations. Urs 
a @le tii, Bo D7. . 
Tal dio y Re 116, | 


Perry, de Ho, Chenisa). BBE AGers ‘ ok MeGraw Fil. Book Geo 
Bev York, 1980, Fe 3750 
tn Risdel, Teo Chen. Tar. feeh., Vel. 23, 1951, Po 4680 
8 Dunkle, fe He and Felter, B. Co, Chon. Eno, Val. 43, 1946, Bo 108. 
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Preparties of Watere Biv) A} 


As 400°! the demaliy of this eoluties ie 14 percent leas than pute we | 


ter, specific heat 19 percent less, visessity 142 percent greater, and ace 
mal cendestivity 6) percent lesz. 


i, Xa 


sarees water 

a Averages molecular weigt, 21.4 

8 Initial belling neint, 176°F at 760 om Rg 
@o Flash point (2), 60°? 

& Froeaing point, -68°P 


bo Fo Be $6 16, li. 
Init. wages Apgrsz, Bemalty Specific VYinsosity Thoracl een 


Tipo  PrOgSUO latent (4) heat (5) (6) 
(1) eertdie 
nd malig madeca , 
60 
) 0.899 0064 1.8 
ro) 20 600 0.874 00%? 3.27 
100 104 584 0,883 (OB 1.48 
180 41s 864 0.420 0088 A, Ti 
i $0 12st) $52 06.008 0084” 0,48 
_ 280 834 0.778 bo64" o.30°* 
| 0 6960 $130. 788 0, &s* oa% 
! 12, Geler, ealarless 
13, Gambustibility (2), eombustini« 


1é, Poxieity (2), relativoly nan-teaxds 

18. Stability, stable te MO°F, ne dats swov 350°? 
16, Gerroaiverces, corrosive tut oan be inhibited 
17, Gelubility, esluble in water 


temere, scaw elastemors my meell 


Extrapelated on AS9% Ghert O61-42 
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fable 19, eesti nusd 


39. Speeifie refereness far this fMunid: 


(1) Chin Cm, J., Oetiati 
Carp., Hee York, 1s 
a (2) Sax, Xe Hey Rend i) GUS BSE Lee 
Gorp., New York, 1981, De 159. 
Soe, G, ss Ind. Bn. Chem 5 Vol. 3%, 1942, po 1074. 
ational ¢ eal Tables, NeGraw-Hill Beok Geo, Bow York, 


Thido, Volo V & Po 220 


) 
Pe 
Tide, Vel. Tt, Bo 1i6. 
Bridgman, P. ee, 4a. dead. Arts and Sei., Vel. 49, i! 


Gelineff, Me, Jo Ame Shea, Sasg., Val. $4, 1982, pe 182s 
Riedel, Lo, Shem. Ing. feckh., Vel. 23, 1981, po 4683 
Smith, de F, Bos Ind. Bago Ches., Vole 225 1930, Be ene 
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Takie 20. Properties of Wator-Ethyl, Alcohol Solution Freeging at -s'F 


AL (00°F the density of this aniutian ia 17 pervent less then puro mater, 
amy 


wpesific heat 17 percent lesa, viscosity SO percent groster, and thermal cen- 
ductivity 67 percent less. 


Xe Shemdleal composition, solution of 82.5 weight-percent ethyl alcohol and 
17,8 percent wator 


2. Average mleeular weight, 36.1 

B, Initial boiling point, 174°F at 760 mm He 
4 Fiash point (2), 70°F 

8, Freesing point, 98°F 


bo vy 8. 9e 1c, ll. 
Init. vapor Approx. Density Specific Viscosity Thermel acre 
Temp. pressure Jatent (4) heat (3) (6) ductivity (7) 
(2) heat (3) centie 
pt Brat th Btr/AbeSF yotaon 
aGG { 
0 0.868 0.68" 8.4% 
80 20 621, 0.844 0.69 2.50 
100 Li 808 6. 823 0.78 1.23 
180 Aid 494 0.799 0.76 0.68 
200 1344 478 60772 0.77 0.428 
280 463 0.744 0.76 or ie 
300 9aN6 “hb 0.704 0.79 0.x 


12. Coler, solerlesa 

13. GCombustibility (2), sombustiele 

14. Toxleity (2), relatively non-texde 

We Stability, stable ts 200°F, no dein above 300°P 
16. Cerrosivenees, corrosive but can bo inhibited 
17. Selubility, soluble in water 

1é. Bfleet on elastomsra, som? dlasterers may ewoll 
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rapolated Linearly 
“Extrapolated on ASD Chart ikdle43 
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fable 20. eontinued 


19. Spseific references for this fluid: 
(3) 
(2) 


3 


i 


) 


(5) 


' 


7 


3 


Chin Chu, Ja, Dig¢diatien Foullibriun Data, Reinhold Publishing 


Gerp., liew Tork, 1950, ppo 87350. 
Sax, I. Me, Handbook of Dangerous Materials, Relnheld Publishing 


Otheer, 8. Fy, Ind. Ene. Chats, Yel. S45 1942, Be 1OF% 4.6 
International Critical Tables. HoGvar-Hill Beek Co., Hew York, 


Beidgaan, Po Bes Adie Aead., Arts and Selo, Vole 49, 1923, Po i4ls 
Pelinof?, Ho Jog do Amo Chom Sos., Tel. 54, 1952, pe 13283 
Biedol, Le, Chem. Ing. Tech., Volo 23, 1951, Pe 465% 

Smith, Jo Fe Boy Indo Bnge Chemo, Vals 22, 1930, Po 12kbo 


WADC TR SheddO Li? 


i 


ee wee a meee eee ei en ee ar ee eR Fn PP Re ee ae 
= ft fon ase pageraremernnme nae Tr ret ora 


gaheed Corn. waise-fars Suid Bee 


Below sre given tae physics) proparties of a vature-base Fluid, Rise 
menufactured by the & H. Hoilingsksed Govmration, At prazent, thas he 
draulde fluid 4s 4m use in soms Naval aircraft, 


At 100°F the spocific heat 1s 2 percent levs than pure water, the den 

| eity is 7 pereent greater, the vieconity 1a 2150 percent greater, and the 
thermal conductivity 4s 36 percent isss. Removal of tne viseosity additive 

whieh is present in the fluid would daprovs its suitability as a heat trang 


fer fluid. 
i. Chemical composition (1), water, ethylene glycol, and additives 


| 
| 
2, Boiling point, 228°? at 760 m Hg 
| 3, Freasing point (1), ~65°F 
| 6, Fe Ge Go 


4e Bo 
Vapor Latent Danalty Specific Viscosity Therzal eos 
heat (2) heat (i) eS aia sean (2) 


feap. pressure 
(1) eantie Bt hr 
oF wale Birth Gmofes Baul FP petean = fto(OR/e9) 
o$0 0.0 ww data Lie" 6.690" 780 
0 0.9 availse 1.699 0,698 3406 
| 80 tle 1.079 0.702 21.2 
; 1060 = $1 1.068 0.708 14.68 
180 1,044 0.786 
| 200-888 1.030” 6.80 3.38 
+ 230 0.98 0.93" 
| B00 =. 2800 0.960% 1.02" 
=40 422 
6 38.78 
120 10.96 
170 6.22 
190 4084 


10. Geeffieiont of expansion (1), 0.00029 per °F at 68°F 
Lic Combustibility (1), non-coubustible 
12, Tosieity (1), non-texie 


“WExtrapolated nearly 
*Se6 comments 
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Zable 21, eontinusd 


Stabiidey (1), exselient tet inhibitors may be depleted, as data 
for higher tenperatures abava 30°F 


Gerresivences (1), contains water but dabibiters prevent normal sore 
Fosion; will attack painted parte 


Solubility, soluble 4a water 


Bffest en elastemera (1), little or no effect on plastieas rubber srelie 
but desa not deteriorate 


; Speeifie referenses for this fixid: 


a Letter and bulletin receives from Ru B. Hollingshead Ceapany, 
2) Bates, K. 0. and Hasgard, G., Ind. Bag. Ghom., Velo 37, 198, po 198. 


& The liquid has a very peculiar viseosity-temporaturs variation. 
net extrapolate without moro investigation. 

bo Special presedarae wild be remired te prevent corresion. 

Bo Peculiar specifics hent=-tenporatare curva. Neede further investiges | 
tion. @ata estimated partly fren enthalpy-temperature curva. lke 
trapolatien above 200°F ie uneortain, 

d@ Since the exuet sempositions are unknom, no eatimate of melequlay 
weight is given in this table. 

@e The mathed of Other was wed to eatinste letont heat given 4a this 
$ableo 

f. The thermal eonductivity given in this table 4a asaweed the sams as 
that af ethylene glycolewater mixtures, The values were also eheckod 
by eupirical equaticas. 

ge the additive to the beste glreclowater mixture haa as its prineipal 
effect an appreciable increase ef the viseesity of the mixtures 


ts um physical propartiess 


WADG TR Sl=GS yg 


RRA ES SER TR EET CFS, PEAS OY SADT ees TEE ee ace nee tees 7 = 
ERRORS tee errr, 


wwe ee eee - 


sg 05 eR FY SB OE SS or ne Ber SRY EP I TH es eT og Tet oe ne ee oe 


thr 


Properties of pe. Giver) elution Freeains 
Thie fluid de te be compared to the Hollingshead lerp. fivuid HZ weed 
ap a hydraulie fluid dn seme Newel airsravt. The properties of bots Sluida 


apa vary elailar, axeant that the viscosity of the pure water-glyccl soln 
tion ie very much lower besause of the viscosity additive in the He? fluid. 


44 100°F the darisity of this liguid 4s 6 peracnt greator than that ef 
pure water, the epecific heat is 24 parcent less, the viscosity is 360 par 
gent. greater, and the thermal conductivity is 40 percent less. 


le Shemfesl composition, salution of 42.8 weight percent ethyleno glycol 
and 37.5 percent water 


2, Average voleevlar weight, 48 
Se Initdel boiling point, 222°F at 740 ma Hg 
4 Flash point, see ecments 


8. Freening point, approximately -63°F 


> 7 Bo 94 i0. Ado 
Init. vapor Approx. Density Spacific Viscosity Thermal contac 

Texp. pressure latent (3) heat (1) (2) ductivity (2) 
(2) heat (2) contin uf 

80 1118 0.663 550” 

0 40301 0.695 34 

80 6 396 1.086 0.780 744 

100 32 586 1,089 0.763 3014 

Ww 1B S78 1.081 O07 1.70 

200 3&0 364 1.029 0.880 0.97 

280 1200 362 1.08 0.868 0.6% 

oO 2480 338 0.981, 0.8% 0048 

12. Geofficlent of expansion (1), S$olglo* por °F at 0-100°P 

13. Surface tension (1), 50 dynes per sontinoter at IP? 


14. Gelor, celorlese 


tel * siieiedileeeenenemmantationl 
“Eee tal re heme en ASTM Shart £541.48 
WEetrapelated linsarly 


WARC TH Slinb 120 


SR SAREE RTO RM SAT nF EE ERO 2 RRO RAB, CA SSIS 8 PI PT SE STS 2 TN PO ROE DT RRS Pre Yr ee 


Scere te pee rer oe a 


fot BOK entree semen: PE trap et ere pe eR Beer ime Te 


oe REN a, om ramet ee ot 


Em 


ame 


Tene a Tees ERE 


IS. Combustibility, tila mixture ie peshshiv non-combustible ainee the Hele 
lingshead H-2 fluid composed mainly of water-etiyisne glycol is none 
eombustible 

16. Toxieity, non-toxic 

17, Stability, geod up to S00°F, no data above SO0°P 

1& Sorrosivensss, gust edd inhibiters ta reduce eorrosivoncss 

19. Solubility (1), eoluble in water 

Me Effect on elastomers, rubber seelle tt dees not deterdorate | 

21. Speeifie references for this flvid: 

(1) Teehnieal bulletin on Giyeols of Carbide and Carbon Chenfeale 
(2) rakeam D. Fe, Ind. Bag. Shem, Vol, 32, 1940, po Sak. 

22, Spasifie coments en phyaiesi preapartiss: 

& ‘The flash point of pure othylene glycol 4s 240°F. It ia quite MWke= 
ly that this solution will net bern. 
WADG TR SL.-66 121 
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Table 73. Praverties of Yater-Propylens Glycol Solution Freeging at -68°P 

At 100°F the danadty of this solution is 3 percent greater than that of 
water, the specific heat is 18 percent leas, the viscosity is S60 percent 
greater ani the thermal conductivity fo 47 narcent less. 


1. Ghomical composition, 1, 2 propanediol 61 weight percent snd 39 weight 4 
percent water 


2, Molecular weight (average), 63.7 


3. Bodling point (1), 228°F at 760 m Hg 


4. Flash point (see comments), greeter than 228°F | 
8. Freesing point (1), -465°F 


6b. Pour point (ses comments), leas than -50,5°F 


Te 8, Ge 1. Wy Wo 
Vapor Latent Density Specific Viaconity Thermal con- 
Temp. pressure heat (1) heat (1) (1) ductivity (1) 
. (1) (2) cent 1~ Btu/he = 
“Fs aug «= Guefea Stw/te-°F poteen 2 (OF /Et) 
#80 1.088* o-7as** 4140 0.203 
0 142 1,071* 0.960" 44 0,199 
69 8.8 290 1.052” 0-800 uu 00198 : 
100 48 282 1.036” 0.821 re) 9191 
180 =: 180 274 = =—1,004" 00 B44 201 0.186 : ; 
200 840 267 0,976* 9.866 1.06 0.182 
280 1380 238 00946" .8e7 0.70 0,177 
300 3300 249 0.910% 0.908 #* 0.45 0.171 


13. Golor (3), clear, water-white 


14. Odor (3), odorless 


13, Combustibilaty (4), combustible (ses coments) 


16. Toxicity (3), low toxteity 
| 19, Stability (3), good up to 300°F, no data abeve 300°P 


*Saleulated and oxtrapolated using data for pure water and pure propylene 
Se ba at all temperatures and data for mixture at only one temperature 
rapolated linearly 
MHP siimated using data of mixtures at other percent compositions 
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19. Solubility (3), eampletely aiseible with mater and alesbol 
j 20. Effsest on alustamere (3), subber suitable 
Zio Speeifie references fer this fluid: 


(1) Beoklet en Glycols, published by Carbide and Carbon Chemicals 
Gerperation, 1947. 

(a) Othzer, B, Ind. Eng. Ghem., Vel. 32, 1940, p. B9L0 

8) Beoklst on Gelanese Organics Chamicals, Colanese Corporation af 
America, Naw Yorke 

(4) Sax, I. ig BOS ; 


Reinhold Publishing 


22, Specific cements on physical properties: 


& Wo data available en flash point of mixture but it will be greater 
Shan the flash point ef the pure propylene glyesi. 

b Ke data available on pour point of mixture but 1% will be greater 
than pour point ef the pure prepylens glysel. 

@e Wo infomation available on eowbustibility ef the 61 percent eoly 

fen. It ds ageumed, however, to be combustible. 


ween 
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aclye Solution Freeming at =6607 


This aclution hae high themeel conductivities and specifie heatw wnieh 
are typiual of water-eolaubic hydeeesrbon eqiutiona. Hewever, the flash point 
and hoiling point are quite lwo 


At. 100°F the density of thie Mdauid ie 3 percent Jear than that of wrter, 
the specific heat 4e 21 percent less, tho viscosity 1s 54 percent greater, and 
the thermal conduetivity fe 33 percent leas, 


1, Chemical ccaposition (1), 58.4 weight parcont Cellusolve (gH, 0CHoCH20H) 
and 41.4 percent water: 


2, Molecular weight (aversgs), 25.8 

$, Boiling point (1}, 214°F at 740 an He 
4 Flash point (1), greater than 114°P 
8. Froesing point (1), -o5°F 


be 9 8. 90 10. Ll. 
Vapor Latent Density Specific Vieooaity Thermal eon- 
fcapo preseurs heat i) heat (1) (1) duatizity (2, 3) 
(1) (4) Bee COMENts centi-~ ase comments 
or wetig Btu/dy Qes/ee Btw/db-°F poisae  _Btu/br -fi<(OF/fp) 
o30 1.029% 0.68 10, 0.196 
4) 0.8” 1.008" 0072 APP ited 0.208 
$0 6.8% $73 0.9% 0.78 2.0 0.413 
100 gre 889 0.979 0.75 1.00 0.223 
180 160" $44 0,963" 0.82 0.61HH 00234 
200 3767 $28 0.946** 0.86 0.4) tit 0.244 
280 1800" $10 0.936% 0.90 0.308 0.283 
300 ann 491 0.910% 0.93 Oo 21ete 0.263 


12. Golor (1), solorleze 
13. Odor (1), mild and agreesbie 


14 Gombustibility (35), no data axeept on pure Cellusolvs Init belfevad to he 
combustible or a moderate fire hazard 


1S. Tormleity (5), toxic effects nagligile wmlese iahaled in sppreciable amcunte 
= rapolated using Cox chart and boiling noint at 1 staoaphere 
fwapoletied Linaarly 
‘Hie Lrapolated uoing data of solution: containing different percent of Gellu= 
solve 
Wal TH Sh=66 12h, 
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Table 24, continued 


Stability (3, 5), fairly eteble at moderate temparaturoe. Mey fora 
porard dea at higher temperatures especially abere Z00°R, 


Corrogiveness, believed to have little corrozivs action. See easments, 
Selubility (1), avluble in water 
Effest on elastonera {1), will not affect unvuleanised rubber 
Specific references fer this fluid: 
(1) Bulletin of Carbide and Carbon Co. "Gellugelve and Garbitol gol- 
wants", 1/1/47. 
(2) Palmar, G., Ind. Bng. Chem., Yolo 40, 1948, po 89 
(3) Riedel, Lo, Chem. Ing. Tech., Vol. 23, 1931, po 468. 


is Othmer, B. oe Ind. ve gins toh $2, a Bo 1940 
dhvok of Bay 18 Matariele, Reinhold Publishing 


Specific comments on physical properties: 


a Corrogivensss assumad to bo sane ag other glycol ethers. . 

b. Speeific heats asauaed to be same as glycol ethere and variation 
with temperature assumed eae as glycols. 

e. Thermal conductivity caleulated by methed of Palmer and variation 

with temperature assuasd same as ethylene glycola, 


mt 


Table 25,5 . Propartice af Water-Givaorine Solution Freqniz 


frie fluid 4e mlidiy combustible and hes a high deity, 
high thermal ecocdustivity and aspesific heat. in this respect 18 is sinilas 


ta propylene glyeol and ethylene glyeci-water mixtures. 


At 100°F tho deneity of thie Liquid is 18 porsent greater 


> 


the ssecifie heat ja 1@ percant lesa, the wisessity 4 1190 pe 


and the thermal eonduotivity is ¢2 percent leas, 


Lo @hemiesl sonpon ition, 67 ~waight pereent glyserel (ColieO2) and 33 weigh 


persent eater 
2. Heleculer weight (average), 39.4 
$, Boiling point (1), 236°F at 760 ma Beg 
@. Flash peint (ses ements), greater than 320°? 


8. g point (1), -62°R 

6. . Be % 10. 

Vapor Ratent Boneity Specific Viseonity 

esp. pressure heat (1) hant (8) (i) 

(2) (ay nentie 
“2 wag = Bib Ges/se | Bt/te "Protea, 
@89 - 1.21 0.52" 2080 

i) 1e¥” Lo1¥ 3062 a6 

20 100.0 480 1,16" 0.72 2949 
300 4405" 438 1.1" 0. Go 
180 142 426 1s 0.92% 3.48 
200 402 412 114 i 1.83 
280 ony 849 1.13 is Lo Leet 
86D 384 Li 1.2 0. arene? 


pe 


e&% 
i Loan 


modarataly 


than wos Bang 


woe we 


Mi. 
Thasmal eon 
duatiesty (6) 


12. Geler (1), varies frem water-white to yellow soler depending on puri 


ty of glyeerel 
33. @dor, odorless 
1é. Gombustibility (7), caxbuatible (ses eczmants) 
¥, avd ay G 


ty (2), non-toxte 

ted using Cox chart 
@fetrapaisted Lisearly 

SEE stimated neing mathed ef Ovhser 

os trapelated using AST! Chart B4l-4% 
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Table 25, eontirued 


16. Stability (1), fairly stable up to 300°F, no data above S00°F 


tors (gse comments) 
18 Solubility (1), soluble in water and the lower aleshols 


’ 17. Gorresivensss (3), slight corregive action, may bs raduced by inhibie | 
19. Effect on elastomers (€), natural rubber, neoprens, butyl and buna-H 
show good resistanee to glycerol | 


20. Speeifie references for this fluid: 


(1) Beoklet Glycerine Freducers Association, 295 Madison Avenuo, Her 
York 17, Nea York. 

e launoy, Lo, Jo Pharm. Chemo, Vol. 2, 1942, p: 99. 

(3) Evans, T. A., Jo Inst. Production Engineers, Yol. 30, 1931, 


Be 6 
(4) Othmer, B. F., Ind. Bng. Ghem., Fol. 32, 1940, po Ale 
(5) Gucker, FP. f., dr. and March, G. Aw, Ind. Bng. Chem., Yel. 40, 
1948, pe 908. 
{8} Davis, a. So, Chain and et. Enge, Yale 46, 1939, Bs 3860 ; i 
Sax, I. No, Handbs Dangerous | Materials, Reinhold Publiehing i 
 Corp., New York, “931, Pe 163. , 
(8) ®onkle, H. HR. and Fetter, B. €., Cham. Bng., Vol. 53, 1946, po 107. 


er 


Zl. Specific sca on phyedesl properties: 


a. Pure glycerol is mildly combustible. He data on aquoews solu- 
tions, but ia is assumed that the present mixture is eembuatibles 
; be To reduce the slight corrosive action of glycerol-water solu 
tiena 1.5 pereant sodium benseate in combination with 0.1 per- 
eent sodium nitrite has been used. 


— 
SAS 


1 
i 
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Table 260 Properties of Jet Fuss JP-4 


4 TOOPF the deagity of this Maud is 28 percent Leas than that of wae | 
ter, the specific heat je 30 percent less, the viscosity in 16 percent favs | 
and the thermal. ronductivity is 74 percent less. ; = 
1. Ghemical composition, mlacture of hydronarbona eanging from 5 to 12 car- aoe 
bon atoms zs 
2, Molecular weight (4), 126 : 
3, Initial boiling point (5), 214°F at 760 om Rg ue 
4, Flash point (7), 65°F 
3, Freesing point, -76°F | 
6 c) ? ° 8 ® 9 10 ° Aue 8 a 2 
Init. vapo Latent  Dansity Specific Viecousity Thermal com 
Temp. pressure heat (3 heat CG)? ductivity (6) 
(5) (2) (8), (1 centic Byu/hr - 
oF 0 gsig SB Gus/eq Btwite®r potsen f/f) 
«80 0.226 0,408 3.6 0.0901 , 
0 18 09 0,804 05439 049 0.0887 
80 83 189 0,782 02470 1.0% 0.0847 : 
100 140 184 0.758 0.802 0.682 0.0861 ” 
180 320 148 0.734 0.538 0.802 0.0846 Bi 
200 648 143 0.707 0.567 0.389 0.0835 te 
250 1140 136 0.677 0.600 0.312 0.0822 a 
3600 2000 129 00642 0.632 0.260 0.0808 ae 


12, Golor, clear, watexrounite 


13. Odor, pleasant 
14, Combustidility, highly combustible 
18. Toxieity, non-toxic when breathed 4n small smounts 


16, Stability, stable to s00°F, Inthe presence of oxygen gua is foraed me fe 
leas stabilized by sn antioxidant at most temperatures. a 


19, Corrosiveness, non eorros ire 
18, Solubility, insoluble in water 


Estimated, | 
atimated, ase somenta 


WAR TR Sh=-66 128 
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Table 26, continued 


19. Effect on slastaners, naturel rubber unsuitable. Neoprane and sane 
esynthetice are suitable. 


20. Spaeific references for this fluid: 


Q) Letter to ¥. Hobingon, 3/26/53, from WADC, WCLEM-2. 

Maxzell, J. P., Data on Hydrocarbons, B. Yan Nostrand Co., 
Hew York, 1950, po 116. 

(3) Kbid., peo 145. 

i bide, po 2le 


i Thid., Po the 
6) Cragoe, GC, 5., Migeellaneous Publications of Bureau of Standards, 


Bo. 97, 1§29. 
(7) Dreilabach, R. R og poYoT Rojai ptionsaniog of anie Compounda, 
Handbook Pubiidehere, Ine., Sandueky, Caio, 1933, Pe 2920 


; Ferash, 4. Ro and Whitman, ® @., Ind. Eng. Chem., Vol, 18, 1926, 
} Po 793o 
aes 


ai, Spacifie cemammts on proparties: 


a ee 
ai, 


<m 


ae 
my, 

as) 
— 


Viaeosity estimated from average value for JP-4 fuel at -40°F ase 
wuning game Viscosity->temperature coefficient as JPo3. 
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Tgble 272 Properties of Jet Ful. dred 


At 100°F tho density of 


this 


Gas & 


l4qudc da 23 rcereent seellayr then that of 


water, the opecifie heat 1s 30 percent sasller, ihe viscosity is 1% ner 


sent less and the thermal conductivity Ja 75 percent leas. 


1. 


20 
3 
40 


Bo 


Gheniecal composition, mixture of hydrocarbons composed mainly of $ to 12 


earbon atoms 


Molecular weight (4), 122 


Initial bodling point (7), 


Flash point (8), 49°F 


Freezing point (2), lesa than ~4°P 


6. e 


1446°F at 960 am He 


10. 


Speci fic Viecosity 
heat (1) (2) 


eeantia 


Gus/ee Btu/lb-°F poison 


0.413 
0.443 
0.473 
0.306 


0.839 
0.872 
C2606 
0.638 


2007 
1.27 
94.796 
0.860 


0. 418 
0.331 
00273 
0.228 


ii. 
Thurzal cone 
ser aee (9) 


torres) 


0,827 
0.0613 


In the pressnce of oxygen gum is 
formed wiless stuviiised by an antioxidant at most temperatures, 


Init. vapo tent me 
Temp. pressure heat (2) (4 
(3) (3) 
oF mie  Btu/dp 
80 0. &14 
0 $3 0.792 
80 150 161 0.765 
100 370 188 6.746 
130 600 148 0.720 
200 1800 142 0.693 
250 2360 135 0.662 
300 41.00 1% 0.627 
12, Gelor, clear, water-white 
13. Odor, pleasant 
14. Combustibility, highly combustible 
18, Toxieity, non-toxie when breathed in amsll amounts 
16. Stability, stable to about 300°F, 
17, Gorrosiveness, non-corrosivs 
18, Solubility, insoluble in water 
19. Effect on elastomers, natural rubder uneuitable. 
thetics are suitable, 
WADC TR 5-66 


130 


Heeprene and some oyn- 


Hae 


——e 


fable 27, eontinued 


20. Spscifie references for this liquid: 


(1) Forsch, 4. R, and Whitman, W. G., Ind. Eng. Chemo, Vol, 18, 
1926, pe 7930 

ee Latter to We Robinson, 8/26/55, frem ADC, WCLEU 2. 

(3) Maxwell, Je Po, Die Book on Hydrocarbons, ®, Yan Hostrand Goo, 
Hew York, 1930, po U9. 

Ibide, Pe 1430 

(5) bide, Pe 4c 

OG poe Pee ane 
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Shy 4 
Breisbash, : Ro, Poras BS Ah, DEPL BS 
Handbook Publishere, l 
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Table 28. Properties of Sigii, Tellus 01} 15 fiydraulie Fluid 


This is a relatively non-volatile, lew density, ics specific heat and 


low thermal conductivity liguid thet is ueed for aireraft hydraulic eve~ 


Lema. 


At JCO°F the density of” this liquid ia 14 percsnt Jens than that of . 
watar, the specific heat ic 54 percent less, the viscosity is $00 percent 


greater and the thermal eordiuclivity iz 79 narsent lese. 
1. Ghemieal acmposition, mixture of hydrocarbons 


2. Molecular weight (4), 28 


3. Approximate initial boiling point (estinatad, aea comments), 630°F 


at 760 om He 
4 Flash point (9) (estimated), 300°F 
8. Pour point (8), <45°F 
6. va 8. 9o iC. 


Anprax. latent, Density Speci rie Viscosity 
Tempo init. vap. heat (1) heat (3) (5) (8) 


_ die 
Thermal cen 
ductivity (7) 


preasure (9) (2) 5, | cantd= Byo/hr « 
a | Saples Biv/dee F poienn = SR OF/ RY) 
a0) 0.932 0037 9120 0.0792 
v] 0.895 0.403 264 0.07680 
60 ise 0.875 0.433 25 CoB I69 
100 134 0. 837 00463 10.1. 0.0788 
180 131 0.840 0.493 4036 0.0746 
200 127 0, 822 0.823 2.42 0.0734 
230 1%, 0. G08 90584 Led? 0.0723 
300 10 121 0.788 0.588 1.12 0.0724 
: Le Golor, red 
13, Oder, odorless 
| lg Gombuatdbitity, combustible 
| YS. Tastisity, not teria 
16. Stability, no data but syebably stable to “Q0°P 
WADC TE Sh—66 ae : 
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Tables 28, eontinued 


17, Carrosivensas, non-corrasive 
18. Solubility, insoluble in water 
39. Effect on elastemers (6), natural rubber uneuitabla. Neoprene and 
gome syitheties suitable. 
20. Specific references for this Muid: 
(13 Faon, R. z. and Bahlke, @, Ha, ind. Eng. Chemo, Vole 16, 1924, 
Be 118. 
(2) iazweli, J. P., Bata Book for Hydrocarbons, 8 Yan Seatrand 60,7 
New York, 1980, pe +7 
(3) bide, po %o 
a Trido, Bo 2le 
(5) Ibids, pp. 12, gee 188, 168 
(6) Perry, Je He, 6 &! BPS LeGers’ Randrecis, MoGrav-Bill Book Goo, 
_ New York, 1951, po 1493. 
(7) Cpagoe, G. $., Miaeellencowe Publications of Bureau of Standards, 
Ho. 97, 1929. 
(6 Letter tio W. Robinson, 10/2 14/82, from Shell 041. Go. 
(9 Drei sbach, R, Ro, P-YoT Role ede ORE 
Handbook Publishers, If 
@l. Specific comments on phyaical properties: 
&e insufficient deta for accurate estinction of Plash point. 
b. Apprezimate values enly of vincesity. 
Ge Estizated thermal conductivity. 
a Boiling point estimated on assuaption that oi] has 20 earbon ates 
id poleguie. 
@o ermal conductivity estimated by mathed of Crageds 
WADG TR 5y=35 233 
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Zable 29e. Properties of Tszag Go, Adroratt Hydraulde Of] Ak 


This ig a nore-volatile, low density, lot: enectfic hast and low 
thermal soninstivity liquid that is used fer adrereft hydraulte systems. 


At 1OO°F the density of this liquid ds 13 psreent Jans than unat of 
water, the epecifie heat de SS pernonit iaes, the viscosity 1s 1800 percent 
greater and the thermal conductivity is 79 percent lesa. 

1. Chemical composition, hydrocarbon fraction 
2, Meclecular weight (1), 290 


3. Approximate initial boiling point (2) (estimsted, see coments), 650°F 
at 760 am He 


4 Flash point (6), 203° 
8. Pour point (6), lesa than o75°F 
b. 7. 8, %e 10. Lh. 


Init. vap. Latent Donsity Speoifien  Viseoaity Thermal eon- 
famp, prasaure hent (3 heat (4) (6) ductivity (3) 
(estim.)(2) (3) centile Bhu/hr ~ 
oF wilig Btn/lh Gme/eq  Btw/ib°F poisen 
$0 0.89% 0.380 620 0.0809 
0 0.678 0.410 98 0.0797 
80 136 0.868 J0440 2904 0.0788 
100 132 6.846 00471 12,7 0.0%73 
150 129 0.828 0.800 6.7 0.0742 
200 128 0,812 0,321 fod 0.0749 
480 aval 0.7% 0.562 2.82 0.9737 
800 43 119 0.774 Uo8 9S #05 0.0725 
12, Color, red 


%. Odor, odorless 
M4o Combustibility, combustible at high temperaturos 


18. Toxdedty, nonetoxie 


Stability, oxidizes at high temperature in presence cf alr but believad 
atable to 300°F 


17. Gorrosivsness, non-corrosive 
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Table 29, continued 
1é, Solubility, ineoluble in water 


19. Uffect on elastomers, natural rubber unsuitable. Neoprene and sova 
eynthetice anitable. , 


20. Speeific references for this fluid: 


(1) Fron viscosity-molecular weight seletions for mid-continent ofls. 
Private data, #. B. Kay, Ohio State University. 

(2) Witeon, R. B. and Bahike, W. H., Ind. Eng. Chem., Vel. 16, 1924, 
o 138. 

(3) Enswoll, J. Pe, Sata Ba: 
Bew York, 1930, p. 124. 

(4) Yorseh, 4. 2 and Whitman, W. G., Ind. Eng. Cheuo, Vol. 18, 1926, 


2 aie. 


ek on Hydrocarbons. 8. Yan Nostrand Goo, 


(8) Gragoa, 6 $., Mise. Publications of Bureau of Standards, Hoo 97, 
1929. 
(6) Letter to 8. Robinson, 6/18/52, from Texas Go. 
21. S8pecifie eamments on physical properties: 


Estimated ae squal to boiling point of a neraal hydrocarbon having 
formula Coy Hage 
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Zable 30, Provortiaa of KIl-G-606), Grads 1010 Jet Bngins fubrieating O17 
At, 1008 the densdte of this flute 42.18 percent less then that of pure 

water, the specific heat is 54 persort leas, the tiscoaity is 1240 poreant 

greater, and the therm] conductivity de 31 pereent, lesa, 

le Boloeuler weight, no date 

2, Bolling point (ace comments), approximately 370°? 24 760 za fig 

3, Flash point (1), 263°F 


4. Pour point (1), =70°F 


§. 6, 8 wo Se 10. 
| Vapor Latent Beneity Specific Viscosity Thermal cen- 
Tezp. ae heat (i) = heat (1) (1) ductivity (1) 
| | 1 cont Bhu/he ~ 
| a melig = Bew/h = Sae/eg Bhu/lte beless £:(°p/et) 
~%0 no 0.902 0.338 6739 00749" 
O insignificant data 0.88% 0.380 212 0.07335" 
oT 30 insignificant 0. B44 0,420 2.8 0.0717 
mM 300 Ine igu? fieant 0.647 0.406 8.5 G.0701 
136 leas than 0.4% 0.829 0.498 3.8 0.0685 
i 200 26h 0.810 0.832 2018 0.9669 
230 8,0 0.792 0.862 1.43” 0.0683 
300 25.6 0.774 0.580 0.7% 0.0637" 


ll. Soler (1), clear and transparent 
| 12, Odor (1), no data 
13, Combuatibility, slight combustithiity 
14. Toxicity, non-texic 
15, Stability (1), geod stability to at leant s00°F, no date above SO0°P 
16. Corrosiveness (1), doos not corrode metals 
17, Solubility, insoluble in water 


18 Bffact on elastomers, no data, hui heliaved to affact aatural rubber 


| WExtrapolated linearly 
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Fable GO, soutinued 


19. Spesifie referencse for thie fuld: 


wr WEie 


424 Patten ta Cin 
yaee are Bes! ae * 
z rx] 
fron Bright Air Ssvalepment Centar. 


26. Specific eomamts on physical propertieat 


State Uniwareity Research Foundation, 9/8/82, 


a. Boiling point approximated from vapor pressure deta 
b, Gombuetibility, toxicity, snd solubllity properties taken to be 
the sama as othor hydrocarbene of similar nature. 
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Tabie 3). Propevties of Standard C 1 of Onto Univis J-43_Hydrauls.c Fluid 
iden a LOL iO CEN he a ak here eaten | an 


A eS ee a RS TEE 


ke 00°F the density of this Louid is da percent lass thon thet of pues 


whan, the epsctfle heat 4s 82 poreent leas. the viscosity 1s 1770 peresnt 
greater, and the themal conductivity is 78 percent less. 


1. Chemical composition, hydrocarbon sixture 
2, Average molecular weight (5), 186 
3, Mean average boiling point (6), 40sOF nt 76C mm Hg 
4o Piash point (2), 200°F 
5. Freseing point (2), -80°F 
6. Pow point (2), ~78P 
ry 8. 96 10. li. 12. 
Vapor latent Benaity Specific Viecosity Thermal con- 
Tempo pressure heat (2) (9) heat (2) (2) (8) ductivity (2) 
(7)* (8) 2 cent je Btu/hr « 
PF me Be  -Bew/an Gar/ec Btu/lt-°F pokes 82 (OR / ft) 
80) 0.909 0.408 66S 0.0827 
0 0.887 0.430 104 0.0814 
§0 160 0.869 0.457 2909 0, 0890 
100 15? 0.850 0.478 12.1 0.0788 
180 ineignificant 152 0.833 ores les) 70 N.O775 
200 3 147 0.816 0,530 4.53 0.0762 
230 la 143 OQ, 800 0.860 Boek 0.0' £9 
300 % 138 (0.784 0.890 2047 0.0786 
13. Dielectric ecnstant (3), 2 to 4 at 1xio* cyeles per seccnd at 20% 
14. Geller, red 
15. Combuetibility, combustible 
16. Toxiedty (1), relatively non-toxic 
17, Stability, no date bot believed stable to 300°F 
18, Corrosivencea, relatively non-eorroa 47a 
19, Agidity, non-acidie 
90, Solubility, ineoluble in water 


Wise scanents 
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Table 31, continued 


21. Effect on elastomers (4), natural rubber generally not resistant. 
A very few apathetic rubbers acceptabic. 


22, Specific references for this fluid: 


(1) 


ie? 


(9 


andho 


o 


Sax, I. No, Handback of Dangerous Materials, Reinhold Publish= 
ing Corp., New York, 1931, po 214. 

Letter to Walter Robingon, 7/17/52, from Standard O11 Company 
of Ohio. 

Lange, fi. A., Handbook of Cham! 

Senduaky, Ohic, 
Perry, J. He, & 
New York, 1950, 
Massel, Jo Bo, A ok on nydrec 
New York, 1980, po 260 
Thide, Peo 18, 

Tbide, Po 420 

Ibide, Pe 122.6 

Cireular Number 154, Bureau of Standarda Miseallanceus Publiea 
tionse 


23, Spseific comments on physical propertica: 


Be 
Be 


Dieloctrie constant estimated frem data on other hydrocarbense 
Vapor pressure assumed equivalent to that of a pure hyérecarbon 
of the same molecular weight. 


ce The ASTA distillation 4e about 480°F initial point to ever Sé8°F 
end points © 
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Fable 32q_ Properties of Socony-Vacuum Mobil Aero Hydraulic O11 HEA 


At LOOPF the denaity of this fluid 4 
water, the specific heat is 53 percant le 
greoter, and the thermal conductivity is 


15 peresat Jars than that of pure 
3, the viscosity Js 1680 percent 
S neresnt loss. 


1. Chemical composition, hydrocarbon mixturs 


2, Molemilar weight (1), 190 


So Approximate initial boliing point (2), 480°F at 7G) mm Hg | 
{ 
4o Plash point (2), 200°F | 
5. Pour point (2), -@a°F 
6 Vo 8 56 IM, il. 
Avg. vapor Latent Density Spacifie Viscosity Thermal con= 
Teap. pressure heat (2) heat (2) (2) ductivity (2) 
‘ (2) (1) . centie Btu/hr 
= my He Biu/ip Gme/ee Biu/jo-"F potnen  {t<(OF/ ft) 
280 0.903 0.400 695 (0827 
0 3088 0.885 00423 88.5 0.0814 
78) 6.18 149 0.857 0.447 2609 0.0801 
100 9.82 1465 0.849 0.471. 12.1 0.0788 : 
150 «16.0 140 0,832 0.454 6.87 0.0775 - 
200 2800 133 0.813" 0.817 tee 46 0.0763 , 
280 440 130 0.793" 0.841 Seis 0.0749 
300 720d ‘La 0.797% 0.368 2.34 0.9739 


12, Cooffieient of expansion (2), 49x10" per °F at 68°F 


13, Combuetdbility, eonbustibls 

14, Tortetty, relatively non-toxde 

Is. Stability, no data, but balieved stable to 300°F 

16. Corrosivenass, no data, but probably not corrosive to ferrous matale 

17, Solubility, insoluble in water and roluble 4p hydrocarbons ce 
18 Effect m elastomers, effecte most alastaners but a fw synthetics are e 


suitable 


trapolated iinsarly 
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Table $2, continued 


19. Specifle referenses for this fluid: 


" (1) Maxwell, Jo Po, Data Book on Hydrosertens, 9. Van Nostrand Coo, 
Rew York, 1980, pp. 2), 98. 

ie from Secony-Vacuwn O11 Co., Mew York, to @. Robineen, 

9/7/82.6 

(8) Sax, I. No, Handbook of Usngerous Materials, Reinhold Publish= 
ing Corp., New York, 1931, po Zid. 

(4) Parry, 3. 2, Chamteal Engineers Handbook, MeGran-Hill Book Co., 
Wew York, 1950, ppo 149364. 


fen! 

Pia 
i] 

aml 


20. Specific comments on physical properties: 


a, Thies oil conforma to Spec. MI1-0-6606 for aviation netrolew hy 
draulie ofla (2). 
be Thie fluid ia an ordinary petrolem fraction. 
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| Table 33. Provertics of Minnogcta Minine and Wanufsctrring Go. . f 
Miuore cheiiesd fe s3 
Thie fluid is similar to fluorochaniesl O75 in that 4h 4a thermally | 
f stable to QO0°F and nomcombustibie., Thig fluid has a very high density ’ 
aomparead to water and ite propartiea arc aimilar to fliuld 0-73, 
At 100°F the density of thie fluid is 86 percent groater than thet of : 
pure water, the specific heat is 72 percent less, the visccaity is 423 per- 
cont greater, and the themmal. conductivity 16 3% percent isanr, 
1. Chemical somposdtion, completely fluorinated amine with the empirieal 
formula {C4Po) ul 
; 2. Average molecular weight (1), 673. 
. 3. Bedling point (1), 351°F at 760 mm Hg 
4 Flach point (1), non-flemmable ) < 
: 8, Faro point (1), non flaumble ae 
tb, Freeaing point (1), -B7°F = 
i 3} 9 Pour point (1), -56°P | 
ier a 
8. 9. 10. ile 12, 18, % “a 
Vapor Latent Density Specific Viscosity Thermal ¢esne es 
Temp. pressure heat (1) heat (1) dustivity } . od 
(1) (3) (1) (4 centi= (ee ccamants ‘is 
! oF ma Bg t poiecs  _Bhu/hy ~ft(Op/sh) 
| =80 2.023 O25" 121.3 o.08a0** 
O 4ineignif. 1.88 0.2% 25.6 0.0778" 
: 80 4dneignif, 36.6 1.902 0.27 7.54 0.07108" 
© 100 ineignifs 3503 1.84 6.28 3058 0.0605* a 
180 bc0 BoB =—s'10783 0 28 1-82 0.007 ce] 
200 33 33.4 16714 Co29 1.08 0.0811"* Reel 
; 880 n°? 32.3 14649 0530 0.683 0.08an"* 
i 300 315 31.6 1,573 0.80 O41 0.0380 
. 14. Coefficient of expansion (1), 0.67x10 ” per °F at 77° to 104%, el 7xl0"° 
per OF at 284° to 320°F 
13. Surface tension (1), 16,1 dynos par centimeter at 77°F e 
Pietra lated lincarly es 
tHE ptima ted uy method of Palmer os] 
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Table 33, sontinuad 
16, Hieleetric constant at 190 sycles per saesnd (1), 1.85 at “°F 
, Gsler (1), eolerlesn 
13. Sombustabdidty (1), non-eombetibie 
19. Toxfeity (1), non-toxic 
20. Stability (1), thermally ateble to 900°F 


@. Gerresiveness (1), will not corrode metala up to several hundred degreen 
: Centigrade 


22, Selubility (1), insoluble in water 
23, Effect on elastomers (1), reletdvely no effect 


#4. Speeifie referencas for thie fluid: 


(1) Bulletin fron Minnesota Mining end Menufacturing Company, St. 


Paul, Hinnesste. 
(2 Palzer, Ge, Indo Bnge Chea., Vole 40, 1948, Pe 89. 
: Othmer, 9. F., Ind. Eng. Chem., Vol. 32, 1940, po 84). 
4 


Based partly on experimental date of J. Fisher, Ohde State thivwr- 
: ao Specific sommenta on physical properties: 


sity, Vhenieal Baginesring Laboratory. 
Thermal conductivity estimated at 86°F by Palmer method and tempora- 
twre cosfficion? estimated from eseffielente of other fluoroecarbons, 
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Table to Propertise of Frean- die 


This fluid is a refrigerant. It is nen-commistible and har a high 


density, low thermal sonductistiy, snd low spaeifie heat. ite shar prepare 
t4ea are giuilar to those of s hedrocarhbea tut it hes a nigu Irgeding point 
of -al"F. 


At 100°F the density of thia ligidd 48 SS persent gvester than thet of 


watar, the spselfic heat is 78 percent leas, the viseesitr ie 18 nercont 
jesa, and the thermal coiductivity io 66 percent iesa. 


360 somuante 


**Caleulated by methed of Othmer 


wrtErtrapolated linear 


1, Chemical composition, CC1,F-CC1F, 
2. Molecular woight (1), 18704 
3 RBodling point (1), 117,6°F at 740 mm He 
4o Flash point (1), none {lesmable 
8. Freesing point (1), 31°F 
6. Vo & 9 10, Yo 
Vapor Latent Density Specific Viscosity Then) eon 
fean, preasura haat. (1) haat. (6) (1) duativity (8) 
(4) (ay(7}* : esnti- Bhu/hr = 
| i malic  Btu/dh Gpe/eg Btv/ie-SF petren ft“ (OR/ Pe) 
«80 1e7is*** 3.2084 eT tad 0.0658" 
0 68.5 1.660 0.2111 1.283 0.0608 
: 80 17? 67.87 1.690 0.2169 0,809 0.0858 
; | 100 842 64.46 1.336 0.2226 C2564 0.0808 
b | 
150 1370 60544 1,466 0.2284 0.418 0.0487 
| 1 200 2630 88.62, 1.390 002343 0.040? 
| | 980 $280 s0.6%F 1,31). O28 860, a7 a. cana AS 
| | $00 = 8980 Sot 1,225" 0.2486 O.210"Y 0,03agene 
12, CoaffMeient of expansion, 1, 2401079 por SF at A0°P 
| 18, Color (1), clear, water-ehits 
| lé- Odor (1), similar to C62, 
| 13, Combusiidiliiy, non-combustible 
9 


ly 
wi petrapolated asing ASTH Chart 0341-43 
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Table 34, eontinnead ~ 


Toxteity (i) (2), much leas texic than grovp 4 clagsifieation of 
Underwriters Laboratozy = not very toxie 


Stabliity, very stable up to 150°F, no data above 1S0°F but believed 
stable to S00°F 


Corrosivensss (4), lead, copper, and alwnduw are fairly resistant, 
Others vary in resistance depending on csonditions. 


Solubility (3), ingcluble in water 


Effect on elastomers (4), natural rubber ueuslly meuiteable. Neoprene 
and sca.¢ aynthetics suitable. # = 


Specific references for this fluid: 


(1) Gateiog of E. %. du Font de Seaours and Co., Wilaington, Belo, 


BHO DOE ok 0} i ALPS, 

ing Corpo, Nex York, 2981, Po 501. 

(3) Lange, HW. Ao, Hay Che CI BITY,, 
Sendusky, Ohio, 1952, "— 689. 

ia Dunkle, RK. Ho, Felter, B. Ce, Chen. Enge, Vol. SS, 1946, Po 107. 

5) Markweod, ®. H. and Benning, A. F., Refr, Engo, Vol. 45, 1943, 


(6) Beatie, 4. F. and Markwood, W@. Ho, Ind. Eng. Chom., Vol. 32, 
1940, Be 976. 

(7) Dodge, B, Po, unepical Bocinee) ne thereodmnani ee. MeGraw-8i11 

Publishing Ca., ay Tork, 1944, po S7&. 


Materialia, Reinheld Publish= 


she 


Handbook Publishers, Ineo, 


Specific comments on physical properties: 


ao The freesing point of -31°F is relatively high. 
b. The bedling point ie quite lew. 
Gc, Latent heat at 290° and 200°F calculsted by Wateon’s method (7) 
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Tabla Bie Properties of freoneLi 


This fluid ia a refrigerant. It 4s non-carhustible and haa a high 


dengity, low tisrmal conductivity, and low sescific haat. Jts other pro= 


perties are similar to these of a hydrocarbon. 


At 1G0°F the density of thig Mquid is 46 persent greater than that 
of water, the spssific heat 1s 78 percent less, the vircoaity is 44 percent 
leas, and the thermal eenductivity 4s 84 percert lees, 


| 1. Chemical composition, CCl, F 
2. Molecular weight (1), 137.4 
3 “Redling noint (1), 74.7°F at 760 mu Hg 
4. Flash point (1), non-combustible 
5. Freesing point (1), -168¢F 
6. 7, 8. 9. 10. ll. 
Vapor Latent Density Specific  Tiscosity Thermal con- 
fem. pressure heat (8) hast (6) (oe ductivity (8) 
" (1)* (7) . centis Biu/ hr ° 
at male  Btu/dh Gme/eg Btu/\b-"F polsen _f£t(OR/ER) 
} +80 1.635 0,204 1410 0.0785 : 
ie) 132 1.578 0.208 088 0.0729 e 
80 rt.) 79.4 1.512 0.212 0.490 000654 3 i 
| 100 1232 T7o2 1e44d 0.216 0.382 UetS5L i 
! . e 
130 2770 «= 75.0 =: 163876 06220 0.418 0.0323 : Ree 
200 $310 72,8 1.306% 0.225 00474 0.0460 peat 
S$ 1,20 0.229 0.229 0.0395 er 
500 18960 6768 = 1.163** 0,233 e205 0.0330 ren 


12, CGoler (1), clear, waterowhite 
13. Odor (1), odor similar to carbon tetrachloride 
14, Combustibility (1) (2), non-combustible 


13. Tosxheity (1) (2), oly very slightly toxic 


|. Ube Stability, quite stable up to 300°F, no data azova 300°F ret 
| om % 
*See comments ae 
| Wetrapolated linearly 
i Fons 
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Table 33, eontinued 


ive Gorrosivensss (4), lead, copper and aluxinm are fairly resistant. 


Others vary in resistance depending on conditions. 


18. Solubility (3), insoluble in water 


19. Effect on elastomers (4), natural rubber is unsuitable: neoprena and 
soms other aynthetics are suitable 


20. Specifie references for this fluid 


(1) 


Bulletin on Phermodynemie Properties of Freon-ll, published by 
Kinatie Pa ee snes tne ee apes Raa 


Saxdasiy, Oc, 1969, Pe cot Shs 

Benkle, H. H. and Fetter, EB. C., Chem. Eng., Yol. 83, 1946, po 107. 
Markweod, W. R. and Benning, A. F., Refr. Eng., Yol. 45, 1943, 

Peo Be 

Markyood, 4, H. end Benning, A. Fe, Ind. Eng. Cham, Vel. 22, 

1949, Po 97%. 

Othaer, Dd. Po, Ind. Eng. Chemo, Vel, 32, 19405 Po 841. 

Benning, A. F. and Mavicgood, ¥. He, d: AHOrse Sue Ref. Bago, 

April, "1939. 


fle Speeifie sesuenta on physical properties: 


Vapor pressure values ealeulated by means of the vapor prassure eque- 
tion of Markweod and Benning given in reference (1). 
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Table tG0_ 


This fluid 4s a hydraulic fluid, 
density, low thermal sonductivity and low aneeific haat. 


Frocerties of Hexachlorobutadiars 


t is non-comourtible end baa « high 
Ite other popper 


ties ara similar tu those of a hydrocarbon axcepe that the freeging point 


4a moderately highs 


At 100°F the density of this Moudd is 66 parcent greater than Shat of 
water, the specifte haat is $0 percent less, the viscosity is 288 pareant 


greater and the thermal conduetivity is Sl percent leas, 
1, Ghomical composition (2), CCigCCicciccr, 

2. Molecular weight (2), 260.7 

S. Swviling point (2), 45°F at 760 om Hg 

é Flash point (2), non-flammable 

8. Freeaing point (2), -2,2°F 


6. %, Be 5. 10. 
Vepor iatent Dennity Specific Viaensity 
Tempe pregavre hoat (2) heat (2) (2) “=7= 
n (2) (39 - eenti-e 
oF molz Btwldlh Sma/ec Btu/lp- °F poisen 
=30 oth SP g67 Host a 
6 0.115" 1715 FF 9.179 oo. 2g 
50 Ol? *  BHe2 1.683 *** 09,192 4016 
100 1.33% 2.0 1,649 0.206 2044 
150 48 90,6 1.6127” 0,717 #164 
20 89-175 7.8 1.572 "FF 0,229 7 120 
250 $2.0 74.8 1,825 *** 09.242 0,925 
300 128 72.0 1.472 *** 0,284 7 0,740 
12. Color (2), clear, water-white 
13, Odor (2), mild characteristic odes 
14. Combustibility (2), non-combustible 
15, Toxdelity (2), highly tore 


*Extrapolated using Cox shsrt 
eo timated 


lL. 
Thermal ete 
ductivity (1F* 
Biu/hr e 
Ie (OR/ te) 
0.0880 
0.0795 


0.0740 
0.0688 


0.0634 
0.0560 
OeUSE6 
0.0673 


& 
ei tmarolatad using temperature eneffieients sf similes compounds 


See coments 
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21. 


fable 36, eontinued 


Stebizity (2), date indicates stable to 300°F, no data above BOO" Fe 
Mot ansily hydreliaed be water or mild slkalies. 


Sexrouivences, elightly serrosive 


falubility (4), insoluble in water, infinitely eoluble in aleohel, 
sther and mest chlorinated solvents 


Effect on elastemera (2), hag high solvent action on many slestoners 
Specific referunees for this Tidd: 


(i) Palwer, G., Ind. Eng. Chemo, Yel. 40, 1948, ps 89s 

5) Latter to B. Robinson, 7/18/82, from Hooker Llectrochemical 
Ceapany, Niagara Falis, New York. 

(3) Othzar, De F., ind. Eng. Gheme, Tole 32, 3940, Pe 841. 


Specific comments on phyeical properties: 


a. Vigeosity ebtained by plotting data on ASTH 1641-32T vyiecosity: 
temperature plotting papers 

b. Thersal conductivity estimated from Palmer method (1) using tee 
perature correction factors 

e. On hydrolysis, may form RC] and be very eorreslves 
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Table 5 Hag Proper thes of) 
| Bieoter Fluid Enis <bhpzel 20h, 


This hydvaulia flidid is an eater, but t4c geysicrl pvopertdes are pri- 
marily those of e bydrosarben, At LOO"? the dessity ef thia Lignld 4e 6 
percent leas than that of mre water, the specific heat is 38 porcent Isas, 
the wiscosity is 2700 pereent greater, and the thermal eendnetivity is 73 
pereent lesa, 


1. Chemical composition, aliphatic diester of eshacde acid with appromt- { 
mate formula of Coban l, 


2. Approximate molecular weignt, 427 
de Belling point, 309°F at 10 mm Bg 
| 4» Wlash paint, mo data available but should be over 500°? 


- wemege 7 


| 8. Freexing point (1), below - 75°F 
] 
| 65 Pour point (1), «78°F 


bi Vo Go it. LL. i 
he Vapor ares Specific Viseesity ‘Thermal eax 2 
| Pemp 4 pressure 0) v2 heat (1) (1) (8) ductivity (1) a 
ae (1) a eonti= Bto/hr = aoe 
a wee tates Biull"? pol.nes Se (P8/ fe), 
1 280 0.999 0.3%) S0CO 0.0568 
ie 0 0.980 0.403 £54 0.0972 
—f 80 6.925 0.410 BPol 0.0977 . 
_— 100 insiestfeant 0.901 0.419 18.7 C0982 S 
i 186 ne 0.428 9043 0.0986 : 
2 rant G.002 0.663 D488 & 03 5.0990 a 
i 289 0.01 0.845 0.44? 326 6.0995 oe 
i f. oud O.. OSE} 0.822 0.4% 2.80 0.1000 : 2 
; : x 
: Lin Geefficlent of expansion (1), 4.2x10 © oor OF at 79°P 
fs, Sombustibility, eexbustible 
i 4, Texleity, me dota but helleved to be relitively nomtexie ae 
be a 
b 2S. Stability, no data bat believed to be stable to 300°P os 


16. Corrooivensns, se inforsation sat it probably is mot very corresivs 


17, Solubility, wa information but it probably ds inselunle in water aines ee 
seboeie seid wid other eatera of aebacts agid ays ineoluble een 
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Sable 37, sontinuad 


12 Effect. on olastemers, no data but it probably awalle some alastemers 
in a manner similar te hydrocsernons 


19. Specifics rafarences for tiia fluid 


= = SES 
ieee et ES SSS Pin crm ag ar eS 


J 
eS letter from Robm and Haase Company 7/18/82, to Yalter Betdnaon. 
(2) Nelson, ® L., petroleus Refinery | ing, HeGronHiiil Book 
Gees Rew York, 1330. Dps BE, 14 146, 1 a 
(3) Maxwell, J. Pe, Bate Book on Hydro ig. B. Yan Hoatrand G50, 
Sew York, 1950, pe 143, 
20. Spasifie camaents on physical properties: 
a. Very low vaper presses 
bo High vissosity, 
@, Temorature sorreetion ef Sharmal condustivity satimateds 
ee do Pie3161 is a synthetic lubricant sade commercially as a hydranlds 
7 fluid and contains 90.6 percent of di-2-athylhexyl sebseate. 
e e. Vapor pressure data somewhat epratie at high teaparatures, 
f, The flesh point should occur when the vapor prasamre da about 10 
ie to 12 mo 
- 
f 
a 
a3 
8 
E 
3 
i 
i 
; WADC Tit Shab 251 
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Table 580 Properties of Pann State MII -[-6257 Syithetic Estor fase Fluid 


wu bes, 


At 00°F the dousity of this fluid iz 5 perseat ax 
the specifie hest is ¢1 percent lear, the viscos 
greater, aint the cmeimal conduetizaby an FT? 


purceatl lense 


16, Combustibility (1), wight sombustibility 


fy sc. rapolated linearly 
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BS 
ity 
Fs 


than that of pure 
na 2070 parcent 


te}, fron O- 3CO°F vapor preseure de i 


13, 
Thormal cone 
sie ei (1) 


beret) 


0.08 
0.084 
0.083 
0,082 


0,981 
0.079 
0,078 
D077 


i, Ghomieal sompesition (1), 2 amthetie sater base 
2, Molecular weight, no data 
3. Boiling point (2) (see cements), $90°F at 760 ma Hg 
Ge Fisch point (i), 415°? 
8. Fire point (1), 445°F 
6 Freening point (1), below -78°F 
7, Pour point (1), below -78°F 
6, Vapor pressure (1) (aes corm 
aignificant 
9, latent heat, mo data, nc means of estimating without molecular weight 
data 
10. li. 12, 
Dansity Spseifie Viscosity 
Lemp (1) heat (1) (1) 
eentie 
= paves Btu/ lpr OF poiees 
“$0 0.98 9.39" 1960 
0 0.96 (19042 aul 
30 0.94 0.445 41.3 
160 0692 0.47 1401 
180 h_.0o8 0049 7,42 
200 0.89 0.351 4e27 
280 0.87 0.338 2074 
800 0.85 0.36 3.87 
14. Color, no data 
‘18. Oder, no dats 
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fable 88, eontiawed 
27. Toxleity, no data, probably not texte 
a8, Steblidty, we data bub believed to be stable to soo? F 


d 19, Cervosivences, believed to be acn-corresive or vary glightly eorrestve 
dae to very alight) aeidity 


3), Selubility, probably insoluble in water since most large hydrocarbon 
eeters are incolubls 


21, Effect on elastomers, no date but probably swells aeme elastomera in 
manner simélar to hydrecarbong 


22, Speeifie references for this fiuid: 


(1) Latter to ¥. Robinson, 7/17/52, from Mo Ro Fenske, Ponne State 
Gollega. 

(2) Hasxwoll, J. Po, Dats Book on Hydrecarbona, D. Van Nostrand Goo, 

EBew Yerk, 16%0, po So 


2, Specifie comments on physical properties: 
a» Boiling point calevlated by use ef conversion chart on hydro | 
earbons fron 10 ma to 760 mm presaures 
be Vapor pressure estimated fron boiling point data ad assuming 
that vaper pressure curve is similar to Penn State MIZ= 0286060 
ia e. fexicity, corresivencas, end evlubility properties assumed to be 


: samo a0 for & typical. eynthetie exter base fluids The di-2- 
io ethylohexyl sebacate fluid ef Rohm ond Haas Goo, Philadelphia, 
as Peana., seems to be very similar to this fluid, 
| ¢ 
bony 
| i 
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ee 
| 7, 
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Table 89, Provarties of Carbide ant Gurbon (oe, Naan S0ch i e801 
Palvalkvisne Glico) tarivetlya 

At 100°F the dansity ef this liavid fa 3 porceai) granbarc thon that ef 

water, the apasific heat ia 5S percen 1t lass, tha viseastty 42 9009 percent. 

graater, and ths thermel senductivaty ia 34 nercent leas. 

le Ghamical eompositicn (1), polyaikylena glyeol derivatives 

2. Moeleevler weight, no date 

S. Boiling point, see coments | 

&e Flash point (1), s00%F 


S. Pare paint (1), 600°F | 


6- Pour point (1), -38°F 
7, Vapor pressure, seo comzents 


8. Latent, heat, no data 


9e 1. ll. 12. 
fens ity Speed fie Viscosity Pherze] gen~ 
Texp. (1) heat (1) (1) dwtivity (1) 
eentic Bp "2 
i Gaa/as Biu/1beC? poieon (Se, 
: 80 1.089 0.89 0.09247 
0 1.067 0.41 2680 0.092% 
&9 1.46 0.45 220 0.0928 
- 200 1.024 048 6202 O.05e4 
180 1,002 0.48 230 4.0923 
200 0,986 0.50 12.7 0.0925 
280 0.989 0.52 7.67 0.0921 
309 0. 997 0054 5017 2.09z0" 


13. Coefficient of expansion (1), 4022107" par S¥ at 68°? 


Ud. Gombustibility (Z), high oxygen consentraticns raguired for igaitiens 
Practisally non-flesmable: 


30 Felicity, av data availably but baliovet to be AoE, xis 
16. Stebdlity (1), lindted to macimum teaporature ef SON°F 


Tectirepolase plated lingerly } 
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Table 39, sentinusd 


stwel. ‘The volatile oxidation produete are eerrosive, hewsver. 
18 Solubility (1), quite aoluble in sold water 


: 19. Effsst on elestediere (1), low awslling effect on most natural and 
; eynthetic rubbers 


i 
| 
1%. Corresivensea (1), doos mot corrode aluainum, copper, and etainleas | 
i 

2). Specific references for this fluid: 
(1) Letter te B- Robinson, 6/16/32, fran Carbide and Carbon Sheaicals 


Ges 
(2) Bulletin by Garbide end Garbon Chemicals Ge., 6/1/80. | 


21, Spasifie eemments on physical properties: 


a. The pour point of 36°F te relatively highs 
Bo 7 f pressure data uct avallebie. Prehably lesa than 0.01 ma at 
Pe 
@. oiling point is above $00°F and is semewhat higher than eomparazis 
' petroiews eile of eomparavle viscosities. 
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Lives! Berd vat ive 


The properties ef the Carbide and Gerbon Ween fluid LBed=X¥ sre sange 
what similar to these of the BRT 2806x fiudd sxeept that the finda de tre 
goluble in tatwre 


Se wales flat 
ed Se ren ORY, 


at 100°F the density of thie Liquid 4s 1 percent lees shan that of watex, 
the apesifie heat ts 38 percont lass, tho viseostis is #30 percent greeter, 
aud the thermal gondustivity is 14 persent leas, 


le Gheaical eeaposition (1), polyaliyiene Glycol darivative 
2. Moleeular weight, se data 

Se Heiling point, ose scmments 

4 Plash point (1), 490°F 

& Fire paint (2), ssp 

6 Pour polat (1), -40°r 

%o Vapor preseure, ace ensmente 


6. latent heat, no date 


Yo 10. Li. 225 
Menad ty Spscifie Viscosity Thermal con= 
Feupe (2) heat (1) (1) ductivivy (1) 
centi- ‘Byu/hr = 
he Sap/ce Bene P rodsep SEECOR/ £8) 
og 16086 0039 0.0839 
0 1.029 0.41 4320 0.0858 
80 1.000 0.43 309 0.0852 
100 0.979 0.45 43.5 0.0849 
4g0 0.987 n, 48 2325 0.0845 
200 0.934 0.80 19,2 CoUGLZ 
a0 0.924 D.82 6.4 0.0838 
800 0.897 0.84 4.45 0.0848 


Wo Coefficient of expanaion (1), 4.2197 nar °F at 6g°P 


1¢. Surface tension (1), 31,0 dynos per centimeter at 77°P 
WW. Refractive index, 1.49%6 at 68°F 
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Table 40, eontinned 


Coubnatibility (2), very slightly combustible under proper conditions 


Toxicity, no data available but beldeved tc ba a 


en toxie 
Stability (2), stable for months at S00°F in some closed syetens 


Corrosivenesa (2), non-corrosive ic most metala, Volatile axigation 
produits are corrosive, 


Solubility (2), insoluble in water but soluble in may orgenie materials 


Effect on elastomera (2), low ewelling effect on most naturel-eqe sya 
thetic rubbers 


£ 


“pecific references for thig fluid: 


(1) Letter te ®, Robinuon, 6/16/32, from Carhide sid Garbon Choui, 


(2) Bulletin by Carbide end Carbon Chemicals Gao, 6/1/80. 
“peeifie coments on physical propertiear 


@ Soiling point. is prebably above 400°R and is somewhat higher then 
comparable netroleum oils of camparable viscesitdes. 


bo Vapor presaure is lass than 0.0] =m at 68°F end less then 1 pola 
at } 8 
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Tedle 41. Pronertiiag of John B. Plerce Foundstion Amy Silicate iff-140 


The physicel properties of this fluid are similar te hydrecerbens which 


have Jow specific heats, low thermal concuctivitias, and sre canbustiblds 
At LOO®F ths deisity of this fludd 33 10 percant lens than that of nwre 


water, the specific heat ie 55 percont Jans, the viscosity is 555 percent 
greater, and the thermal conductivity 1s 82 parcent less. 


1. Chemical composition, axyl sil'cate 
2, Approximate molecular weight (1), 460 
3. Boiling noint (2). 460° to HOO*F at 760 mm Hg 
be Flash point, approximately 200°F 
5. Pour point (1), approximately -100°F 
6. ? 8. So 10. li. 


"@ 


Vapor Latent Density Specific Viscosity Thermal con 
femp.  preasure heat (1) heat (1) (1) duetivity (1) 
" (1) centi- Bgu/hr 
pals am He Bey/lp Sms/ee Btw/ib-SF  peises EtA(OF/ So) 
=50 naa 0,962 0.404 58.6 0.0881 
@) enemente 0.957 00420 15.3 0.0612 
30 less than 0.1* 0.912 09434 602 0.0630 
100 0o54* Ost 00450 Ze De0648 
180 1.678 0.861 00472 1.93 0.0637 
200 602 0,836 0.800 1,35 0.0660 
230 19.5 * 0.810 6525 0.99 0.0573 
300 33 0.78 0.860 0.78 0.0684 


12, Geafficient of expanaion (1), 4.75210" * per °F at 0 = 100°F 


13. Golor (1), transparent, strav 


14. Odor (1), mild and pleasant 


15, Gombustibility, combustible since isobutyl-isoprepy) stlicate te also 
combustible 


16, Toxteity (1), non-toxte on exposure to fumes 


17, Stability, no data but believed stable to S00 


TE xtrapolated using Cox chert and boiiing point at i atmosphens 
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7 Tabla 41, ceatinaed 


Gorresiveness, no affact on ferrous metals 


lS. Effeet on elastemers, no data 


A 


20, Spaeifte refereness for this fluid: 


(1) Letter to @, Robinson, 8/8/32, fron John B. Pierce Foundation, 


Raritan, H. ds ; 
(2) Othmer, Bo Len dud. Bag. Chino, Vol. 32, 1940, Be 64L. 


21. Specific comments on physical properties: 
e estiwated from Other (2) method apperred very highs 


Fok Wk 
B, Latent heat a 


Should be investigated, ; 
be Vapor pressures extrapolated by Othmer (2) method, 
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Mite fluid 18 quite similar io the Isobutyl-iseprepy: 
a greatar viscosity and higher bolting point. 


At 1O0°F the denaity of thin guid ts Ll parcent less than that of 
pure water, the spee4fic hans is Gl parsent, less, the viscosity 4A 7&) pape 
gent greater, and the thermei eunductivity 42 22 nercent leads 


1. Chemical eomponition (1), aliphatic orthosilicate aster 
2, Molecular weight, no dats available 
3, Bolling point (1), 710°F si 76) am He 
4. Flash point (1), 393°F 
&. Fare point (1), 480°F 
6 Pour point (2), less than -100°F 
@, Wepor preseure (1), lean than 1 mm below about 373°F 
@ Latent neat (2), sag comments 
Se 10. do ate 
Dens ity Specific Viscosity Theraal eon 
Tempo (2) nest (1) (2) dvetivity (3)"° 
é centde wiht 
a Gan/as Bty/AbooP poleus £h2(°R/ fu) 
“50 0.887" 30 0.068 
0 0.880" 4s** 0.061 
BC 0,882 G92" 308 0.065 
100 0,880 0.390 $e 0,068 
; 180 0.877 0.454 3030 0.066 
i 200 0.878 06500 2626 0,066 
r 280 0.872 0.350 1663, 0.06? 
; 300 2970 0.592 1029 0.068 
} 
t us. Sueface tension (1), 2507 ames per eeatimeter at 6S°F, 19-9 dynoe per 
i contimeter at 212°7 
Figs Refractive indan (1), 264292 ab 68°? 
‘ Witrapolsted Mnearly 
, —_ictrepolated using ASTM Chart DI4l-45 
& *3eq comments 
é, 
5 WADC TR 54-66 16 
Fa 
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Teble 42, continued 


WB. Dielectric somstant (13% 2.61 


4 
| 
| 
| 
| 


‘ 16 Gelor {1}, colorless 
, 17. Odor (1), cdorless 
16, Goubustibility (1). combustible 
19, Toxdeity (1), mt dengerously toxics | 
4 
26, Stabdidty (1), appears to be stable up to S00°F 
21. Corresivensss (1), very little ecervrosion with ferrous metals 
22, Solubility (1), soluble in hydrocarbons. No data on solubility in 
watere 
23. Effect en elastemers (1), synthetic elastomers geall, only Heoprena | 
suitable. 
24. Spacifie references for this fluid: | 
1) Catalog of Oronite Chemical Go., Sen Franedseo, Calif. 
2) Othmer, D. FL, Ind, Eng, Ghem., Vol. 32, 1940, po Salo 
3 Smith, Je Fe Do» Trange Amo Sos. Mech. Ene » Vol, 88, 1936, 
Po 719 5 
2. Specific comments on paysical propertios: 
/ oe a. Very les pour point. 


b. Latent heat data as estimated by method of Othmer (2) appear 
teo high. Data should he obtsined on thia 
6. Phemal eenductivity at 86°F estimated by method of Smith (3). 
This value is close to value of silicates of John B. Pierce 
: Foundetion, Temparature effect assumed same ac amyl silicate, 


*Soackel electrical grads 
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bicceserreme aysregere seep 


aed Ree ea name OL TN ES RE PRR FPR EM cn BS ee oust Soptieo pee eet reer os Sore 
es fa ain | Lassa RS ESR Sn ee Fe SE 8g staan ae 


Zabie 4S. Froperiiecs of eisai _tezpe Lindel HE Inlerserh 


Teta gg den, Capt) & Sata 
Faosobate aglaw AC, caies 


mates, tha specifia heat 4a 60 parewnt leas, the yirsean ty te SOO percent 


graater, end the thammsl conductivity ie 5. percent Lento 
Le Chenteal eampoaition, (Cyt) gq 
2, Molecular weight, S66 
| %, Boiling point (average) (1), 528°F et 10 a Hg 
| 4 Flash point (average) (1), 483°F | 
Be Pare point (2), 680°F ; 
| 6» Four point (1), -138° to = 2209 


| 9, Vapor pressure (1), from 0 to 300°F vapor nresaure 13 insignificant 


8 latent heat, no data 


) 
%e 105 Ws 12. 
Bend ty Specific. Viscosity Thermal cone 
Team. 1) beat (1)"* (1) ductivity 
conte (00 commgnts ) 
i or Oes/ aa Btp/dhe°F poison. =ft"( R/S 
=80 1.221 0.826" 0,076 
ie 6 10198 0.347" 7200 0.073 
; : $0 Live 0.572 22% Co07A . 
1 4 109 1.182 0.408 S2.5 0,073 
190 - 1.129 ais oid 0.071 
' a0 is 0,481* 033 0.070 
«B80 1.083 Q.474" 2,43" 0,069 
300 1.060 0.497 1.59 0% 
3%, Gelor (1), light asbsr 


14. Oder (1), none 
15, Canbustibility (1), combustibss 
26, Toxicity, no éote 


A fe CRSA. TIN OY 
“Age reng inted, sa comments 
Se trapolated using AV! Chart BS41~43 
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Seble 44, continued 


17, Stabdidty (1), chenleslly ateble but no tanperetuve limites kmm., Be 
liaved to be atabls to 20°F, 
18 Serrosiveness {1}, son-survosive to ordinary metals 
19. Solubility (1), insoluble in eater 
20. ffect on elastomers (1), certain rubber compounds gre euitable 
2. Spacifie referencea for this fluld: 
(1) Latter to &. J. Geankeplis, 4/15/55, fron Celmese Corp, of 
anoricas : 
(9) Watson, Ke Mo, Chen. Big. PEOZe, Vol. a), 1935, Sa Lvs 
is Palmer, G., Ind. Eng. Chen, Vol. 40, 1948, po 8% 
22. Specific ceaments om payeical properties! 
a: Temperature effect on specific heat (2) od thermal conductivity 
asgumed same ag fer eresol. 
he Thomnal conductivity estimated ty Palmer (3) method. 
WADS TR 5h)=66 3 
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Tahlo Aue. eee Ur 
hatokoy Vanesa tty at: oer 
1 perce Jean tied that of purse 
vianmeity fs 6400 percer 
4y 4s 13 et derrs 


At 100°F tne density of this fleld ig 


meceat Lanes 


water, the specific heat is os EES ee 
greater, and the tnormal condusti? 


1, Chemical composition, silicone polyacr 


2, Molecular weight (2)* 3230 


4. Flash point (2), 550°? 


3, Freseing point (2), spproximately 283 OF 


t 
| 
\ 
} 
I 
| % Boiling pointy non-volatile 
t 
{ 


6. Vo a. Yo 10. Li. 
Vapor Latent Nensity eyerstit Viscosity Thermal com 
Yeap.  pressurt heat™ (2) heat (2) (2) sh eaieed (2) 
(2) centile Biu/hr « 
| oF mH Btu/h Gma/ee Btu/b-°F polecn (R/S) 
@$0 no 1.070 0,398 698 0.0903 
| dats «1600 «= 003877 s«192S 0.0691 
} $0 insignificant 1,015 0,362 R203 00879 
100 4naimif icant 0.990 0.246 43.6 0.0867 
| 150 ingignd facan G2 968 0.dS6 27.0 0, 0885 
| 206 4ngimificant 0.940 0,327 16.9 0.0843 
{ 230 dasignificant 0.915 0.329 13.3 0.0831 
| 300 insignificant e890 «04340 8.72 0.0819 


| 
: 12, Golor (3), solorlesa to light strau 
13. Oder, so date 


14. Combustibdlity (2), slight combustibility 


15. Toxicity (2), non-toxic 


16, Stability (%), good stability, bette 
fiulde of comparable viscosities, 


18. olubllity (3), ingoluble in water, 
_ohienineted anlvents 
See ¢ comments 
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peereen e Sante e 
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r than that of Drew Corning Due 200 
Stahie to at least 400°F, 


17, Gorrosivencss (2), non-corrosive netele 


soluble iu goat hydrocarbons and 
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Egbiz 45, Fronertise of Toy Comming Go. Bi-§8) Siijeone Fluid 
At 100°F the density of this fluid 40 7 pareent szoator than that of 


pive mates, the speeifie heat 4s 62 pereent lees, the visensity ia 11,800 a 
rereant greater, and the thermal eundustivity de 7 pexaent leas, 


1. Gheuieal somposition, silicones polyasr : 
2, Woleeviar weight, ne data 

% Boiling point (1), 482°F at lease then 10 m | 
4 WPlash point (1), §78°F | 
Be Fraesing point (2), -5807 | 
6. Vepor pressures (1), insignificent 


7. Latent heat, no data 


Bo So We pees ; 
Bone ity Spaai fia Viscoaity Thermel een= 
Teap. (2) heat (3) (1) dmsivity (4) 
6@ntio ae a : 
a86 1.3.47 * 0.288 28000 
na) edad 0,319 2180 . 
$8 deo ter 0.586 262 
200 LuO66 0.882 a) 0,0896 
is 1,089 0,433 88% 06,0662 
200 1.012 0.448 190? 0.0867 
230 6.988" 0.480 1262 0.0882 
300 9.986" 0,813 8-8 ACES - 


WR. Color (2), clear, yellowish colar 
iS. Gembustibility, baifevad only slightly eosbustible 


1s Texicity, believed te be men-toxic sinae othar silieons fluids are nen 
t toxic 


15. Stability, dses not gel er form gums after heating in sae at SOR fer 
1000 hours 5 


| 

| a Oe : 
| ~*Ectrapolated linearly 
: rapolated using AST Chart Ba4i-49 | 
| MiPRetimated using data fron ythor silicone ecapounds 
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Tahls 44. eontinued 


1G. EBPfect un olestemera (2), 14 will shrink mmy rubber ateeks in nearly 
. the many watnex ag the TG-2e Pisids 


| WW. Swecifie reforensea for this Muic: 


| (1) Latter te @. Bebinsen, 1/82, tvom Dow Corning. 
(2) Letter to C. ata a/ 2AIS'S, tran Bow Corning. 
Dew Corning Silicone Notes - Dow Corning 0 fluids, propertisa 


3) 
and applicationa reference S101, Juiy 1952. 


\ Spacific ocaments on physical properties: 


| yal 
mo The molecular weight tas bean approximated from equation where log 
(viacoeity) = 1 + .0123 mol wt. 
| b. Boiling point so high considered nopevolatile. 
ee There ars no data on latent neat. Tha veiling point ia so high that 
the fluid will decompose hefore the beilfing neint da reached, 
} 
i 
\ 
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Fable 45, continued 


16 Sorrosivenese (2), non-corrosive 


17, Slubility, aasumed toe be none-go. uble in water ance 4% is moisture ree 


aigtant 


18. Effect on elastomers, ne data but 
Like BG-2C0 Pluide 


39, Specific references for this flaiz 


G Bulletin fros Soe-Corning, Een Eneineorine Eat ialg, 19462 
2) Bow-Corning Silicone Hotes, S801, daly, 198 

‘3 latter ¢ Bs H. lgmeh, 11/26/47, from DowGorninge 

45 Bates, Oo Ras Indo Bage Cham, Vol. 41, 1949, Po 19665 
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the tollowing tablea contain principally axtrapolated data on She pro- 
perties of four fLulde anplisatie above SCO°P, The data fo. ester are given 
fm Pehle 18, Section IV, ~ 4g in ell ather teblas, syocific refarenaan ara 
indieated by numbers in parentheses, 


1, Ghamical samposition (1), CgP,40 


2. Boiling point (1), 214°F at 760 om Kg 


APPBNDLT Ta 
PROPERTIES OF HEAT TRANSFER PLUILS PRO 200° To Mner 


Se Flash point (1), nor flemabiia 


ho Se be %, Bs 
Vapor aor Sensity Specifie Faseosity** Themnal con 
Paxm. gure haay Pre ductird ty" 
aent4= Bpu/hr = 
pela Geofes Bhuflh-F  poisen 4(°F/ 
6" 1.40% 6.28 0.306% 0.020% 
moe 1.359* 0.30 0,20 0.02 to 6.016% é 
gzo°a? 1.31* O31 0.18** 0.02 tr 0.016% 
iise**- 1.26" 0.32 0.12" 0.02 to 0,010" 


9 Stability (1), thensdlly stable to 1100°r 


10, €orreniveacas (1), dees not carroda metels op to 878" ~ 925°7 


ii, Spesiftce references for this fluid: 
(1) Balletin from Minnesota Mining and Menufacturing Company, St. Paul, 


Hinnoseta. 


12, Specific coments on phyaical properties: 


Be 


Be 
Co 


de 


Spesific neat deta are from linvar extrazolation 0) exporimmtal deta 
by John Fisher, Ohio State inivereity, 1953. 

Thavmes? conductivity date very deustfl, 

An estimated eritieal temparnture of sbout 300°F appoarn very Low. 
Vapor pressure data are meaningless above the critical tompercture. 
Hnzimun probable error of viscocity is 0,04 centiprises. 


SRxtrapolates Mmearly using date belew w0°F 
MHrctrapslatad wing ASTM Chart W4l-45 and data helen SOL 
wirarslated yeine Can ahart 


A Qeamean a 


WADG TR 5-66 wA8 : 


TEN Ir rere a A ee EO Bo IE RETR PEERS OES TOT SES OR AS ET MERITS SEE TY soci eae 
pera ee eae ee a 


oa mean oe qoawewemes thy SOT aE ee 


Table 47 Bini Sere tT mid Henutecturing | 
uprochemical H-43 at Bh ign en 


8 i, Uhemical compesitiion, CaP) gh 


RHR Ee 


2, Boiling point, 351°P at 740 mm He 


4; 8. be Fa 8, 
Vapor Density Specific Viscesity###* Tharanl eon 
Teapo pressure heat et pil Nae 
x, B iy a = i 
3 - ae mia  Gaovee By/le"F ceutinetoad SECCP (fe) 
300 beh 1.378% 0,308 iD © Lala oocag” 
400 20,8 1.43 Oedl Oo2l Oo 
500 103" 1.29%" 0.32 0,12 0.03 te 0.028" 
660 263" 145°" 0.32" 0.08%" 0.08 to 0.02% | 


9, Gombustibility, nen-cashuetiblie 
10, Sbavility (1), igh stability to 900°P 
Ll. Corrosivences, will net correde metals up to aereral hundred °S 


meye oe oe 


° 12, Specific references for this fluid: 
{1) Cateleg of Minnesota Mining and Manufacturing Cespany, Ho. FlrePL. 
13. Specific commente on phyaicel properties: : 
& Probeble inaceuraey of density data is 0.17 at 600°F, 
bw Specific heat data are extrapolation of experimental data ef Jebn 


Fishor, Ohio State University, 1953, 
@o Mescimum probable errer of wiseeslty is 0.04 centipoisea, 


2 Ray ES A etc cee een operate Pe 


*Extrapolated wing Cox chart 

_JtExtrapolated linearly using data beles 300°P 

“28 ertrapolated using AST Chart 0341-43 
MRP Ses easments 
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WADC TR Si-66 169 


ae tent Og et 


memmiesllek Saale eae 


Table 48¢._ Don-Comdng Coe Silicone Tluig Po-350 at iiigh Teaperaturas 
do Ghomical evmposition, silicones polyacr 
Ze Bolling polat (1), 492°F at lees than lu imi He 


So Vapor preasura, less than 20 te SO mm at 609% 


4, 5, ba ?. 

Density Speed fie Viacosity Tharnal 

Youp, heat condyetivity 
sentis= Etu/hr « 
tf Cue/ee Bt/Ip- oP poisse pie rPe/ et, 

300 6.97% 0.51* 8.6% ee 
400 0.98" 0,8'7@ 4 oe* 6,080" 
300 0.88" 0,68 30% 0,074 
600 0.84 0,72° 2,1 0.072" 


8. Combustibllity, believed to be only slightly eanbustibie 


9. Stability (1), very stable. sex not gal ar form gims ewer aftar pra 
longed heating in air at 500°F for 3000 hours, 


10. Specific references for this fluid: 


(1) Sov-Serning Booklat an Silicones. 


Wixtrapelated linearly weing data belew scofr 
‘Er trapoluted using ASTH Chart De341-43 
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Table 4%. , Sarbi.ce at Corps Upson Fluid 50H: 28003 
at High Temporatures 


Lo Chemical compogition, ne dete 
2. Bolling point, no data (sce comments) 
: 3, Flash point (1), S0U°F 


4. Vapor pressure, (ase comments) 
{ 


8. be iP Be 
f Density Specific Viscosity Thermal 
fampe heat (1) (1) conductivity 
‘3 sorta i Biu/he o> 

cE Cus/ ce Btu/ dpe F poises LE CR/ fC) 


9o Combustibility (1), slightly easbustible 
_ 10. Stability (1), Mmited to meximm of 500°P 


! ll. Corrosivences, no data at high temperntur ee. 


12. Specific references for this fiuidt 
: ‘i (1) - Latter tv Robinson, 6/16/82, from Carbide and Carbon Ghemieala 
i Companys 


13. Specific cammta on physical properties: 


% e, No vapor pressure data available. However, sinee vapor preseure \ 
: flash point of SOO°F de about 16 ma Hg, the vapor proaaure at 600 


& ie below 760 am Hg. 


i Rxtrapolated linearly using data palow 300°F 
E Heetyapntated weing ASTY Chart Tadl=43 
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Because “f our limited supply, you are requested to return this copy WHEN IT HAS SERVED 
YCUR F:iRPOSE so that it may be made available tc other requesters, Your cooperation 
will be aspreciated. 
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} NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA 

f ARE USED FO ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED 
t GOVERNMEN} PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS 

f NO RESPONSU{LITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE 
GOVERNMENT MAY EAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE 

SAD DRAWIN(s, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY 

j IMPLICATION ‘IR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER 

| Y= RSON OR CURPORATION, OR CONVEYING ANY RIGHTS OR.PERMISSION TO MANUFACTURE, 
f USE OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO. 


B= omen fee 
Fa — 


Reproduced by 


DOCUMENT SERVICE CENTER 
KNOTT BUILDING, DAYTON, 2, OHIO 


